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Abstract
There is a strong interest in organic materials for electrical devices due to several advantages
that organic systems have over their inorganic counterparts including ease of processability and lower
toxicity. Many of these organic materials can be utilized in the creation of thin-film devices that
can be formed in high-throughput processes and with a very small profile. One such device that
has emerged in recent years is the memristor which can be used in new computational concepts
or as a synaptic model. This work studies the alternating current (AC) and direct current (DC)
electrical response of a number n-alkyl methacrylate polymers with a charge transporting pendant
carbazole ring. The electrical properties of the polymers were studied as a function of n-alkyl
length with n ranging from 2 to 11. The DC current (I)-voltage (V) response of the polymers
was characterized by an erratic and bistable response, while their AC I-V response was a pinched
hysteresis loop when measured between 1-100 Hz. For polymers with n < 9, their pinched hysteresis
loop is characterized by “jump transitions” indicative of bistability, while polymers with n ≥ 9 had
a pinched hysteresis loop that is smooth in appearance. Dielectric spectroscopy on the polymers
indicates that as the n-alkyl length is increased, the rotation flexibility of the carbazole moiety is
enhanced. The n-alkyl methacrylate polymers with a pendant carbazole ring spaced n ≥ 9 exhibited a
lower activation energy and temperature for the onset of ring motion and resulted in polymer-based
memristors that exhibit electrical characteristics, such as incrementally adjustable conductivity,
that are potential candidates for mimicking synaptic plasticity. Further characterization was done
on similar methacrylate systems with oxygen-substituted side chains and the addition of bulky
phenyl groups to the carbazole moieties. From this work, the most promising candidate for synaptic
modeling behavior was taken and further examined. It was shown that this polymer could be
pulsed through a multitude of conductivity states and demonstrated behavior consistent with the
Hebbian Learning Rule upon the application of pre- and post-synaptic pulses. The system was
ii

further characterized for the effects of different spike rates and voltages before being utilized in a
flexible device.
Other thin-film devices as well as novel processing methods were also demonstrated in this
work including a biologically based reserve battery and a printed diode utilizing pentacene. The
battery utilized standard alkaline chemistry where the zinc and manganese oxide electrodes are
formed using stencil printing. Fish eggs are used to sequester the electrolyte out of the system
until the application of force to the device. This application of force bursts the fish eggs and
allows the battery to function by introducing the electrolyte into the system. A printed diode is
also demonstrated through the use of a miniemulsion process that allows for the dispersion of the
material into aqueous solution. This pentacene emulsion in water can then be used as the basis for
the formation of diodes in a variety of fabrication processes.
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Chapter 1

Introduction
1.1

Introduction
Since the realization of the first memristor in 2008[15], the research and study into mem-

ristors and resistive switching materials have exploded. Although it was postulated years ago as
one of the fundamental passive circuit elements[16], the connection between resistive switching in
materials and a functional device were widely overlooked. This device alters its conductivity based
on previously applied electrical potentials and is referred to as a memory resistor or “memristor.” In
this implementation, instead of encoding “0” and “1”as the amount of charges stored in a traditional
silicon-based cell, the low and high conductivity condition is interpreted as the OFF and ON states.
The growing interest in memristors has resulted in the development of several concepts for the use
of these devices, such as utilizing memristive systems for reconfigurable logic circuits[17], or new
computer memory concepts[18, 19]. One of the very appealing aspects of this device is that both
information retention and processing could be combined in a single device, a potentially massive
advantage for computation as transistor densities begin to reach their limits. Just as living creatures alter their decision making process based on past experiences, memristors alter their response
to a probe voltage based on their previous voltage exposure. This voltage path dependence can be
exploited in a collection of circuit elements to achieve adaptive network systems[20] though one of
the most promising applications for memristors is the emulation of synaptic behavior[21]. In the
ten years since the seminal paper realizing the memristor, research into the device and resistive
switching has drastically increased. This has lead to increased performance in these devices with
1

inorganic materials such as chalcalgine glasses offering some of the most promising results[22, 23, 24].
While organic based devices currently lag behind their inorganic counterparts, it has been demonstrated that organic systems can show competitive properties[25] and small neuromorphic learning
systems[26]. Park et al. also recently demonstrated the possibility to form high stability two terminal
devices using only a single molecular layer of organic based material[27]. While the exact definition of a memristor is still being established, it has typically been used to refer to a non-volatile
two terminal device that has a resistance that is variable dependent on previously applied electrical fields. When delving into the research of organic memristor research, a few different resistivity
switching mechanisms emerge including filamentary conduction, charge transfer, space charge and
traps, conformational change, and redox reactions as the most common. Filamentary conduction is
the creation of conductive pathway through the material that creates a path for charge carriers to
more easily pass[1, 28, 29, 2, 3]. Charge transfer involves one group (an electron donor) donating
charge to a secondary group (an electron acceptor). Through this balancing of charges, the material
is able to increase its conductivity[30, 31, 32, 33]. Space charge and traps prevent charge carrier
mobility through the system by creating energy barriers for those charge carriers. Once exposed
to a high enough amount of energy, charge carriers can fill in those traps and lower those energy
barriers to increase the conductivity of the system[9, 34, 10]. Chemical reactions in the material
can also occur such as redox reactions where the material can undergo a chemical change to alter
its conductivity[13, 14]. Materials can also undergo conformational changes that can realign the
structure to make it more or less favorable for charge carrier mobility[35, 36]. Other methods for
memristor systems have also been demonstrated, but not with the same prevalence[37].

1.2
1.2.1

Memristors
Filamentary Conduction
A number of memristive systems have been reported that employ filamentary conduction

as the main mechanism for operation and these systems entail the creation of a high conduction
pathway, or filament, through the active layer of the device which can be either a solid metallic
path or a conglomeration of discrete nanoparticles[38, 1]. The growth of Ag filaments through an
organic active layer to create conductivity switching devices has been widely exploited [39, 40, 41,
42, 2, 29, 43, 44, 4, 3, 45]. Bistable devices have been presented that employ Ag filaments through a
2
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Figure 1.1: Observation of conducting filament dynamics in SiO2 -based resistive memories. (a) TEM image of an
as-fabricated SiO2 -based planar device fabricated on SiNx membrane. Scale bar, 200 nm. Inset: schematic of the
device. (b) TEM image of the same device after the forming process. The arrows highlight several representative
filaments. Scale bar, 200 nm. (c) TEM image of the same device after erasing. Scale bar, 200 nm. (d) Current response
during the forming process that led to the image in (b) due to an applied voltage of 8 V. (e) Current response during
the erasing process that led to the image in (c) due to an applied voltage of - 10 V. (f) Schematic of the filament
growth process showing the transport and reduction of Ag cations. (g) Schematic of the dendrite structure formation.
(h) TEM image of another device with a larger electrode spacing after the forming process. Scale bar, 200 nm. Inset:
zoomed-in image of the filament (highlighted by the upper arrow) near the dielectric/inert electrode interface. Scale
bar, 20 nm. (i) TEM image of the same device as in (h) after erasing. The dissolutions of the filaments were found to
take place at the inert electrode interface. Scale bar, 200 nm. Inset: the same region as the inset in (h) after erasing.
Scale bar, 20 nm. (j) Current response during the forming process that led to the image in (h) due to an applied
voltage of 10 V. (k) Current response during the erasing process that led to the image in (i) due to an applied voltage
of - 10 V. Adapted by permission from Springer Nature: Nature. Copyright 2012[1].
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Figure 1.2: (a) Resistive switching characteristics for different values of the compliance current, Ic . When Ic =
100 nA, the ON state is unstable and tends to relax very quickly (OFF transition is not measurable). When Ic = 100
or 800 A, conventional bipolar switching hysteresis loops are obtained, corresponding to the stable ON state. (b) ON
state conductance as a function of Ic . Limiting the current during SET limits filament formation.When Ic =100nA to
50 A (region I), the bridging filaments show a high volatility; when Ic>50A (region II), the ON states are stable. (c)
Schematic of the proposed switching mechanism. Both the density and diameter of the dendritic branches can induce
an increase in the ON state. The isoconductance state can be obtained with two different filament configurations.
Adapted with permission from American Chemical Society. Copyright 2015[2].

Ag/solid polymer electrolyte/Pt device structure, where the device performance could be improved
by the addition of Ag salt to the solid polymer electrolyte[41]. Using a combination of poly(ethylene
oxide) and AgClO4 , the effects of the concentration of the Ag salt on key properties such as SET
voltage, RESET voltage, conductivity, glass transition temperature (Tg ), cation transport, and
electron transport were examined[41]. Transmission electron microscopy studies indicated that the
filaments were definitively Ag and were likely due to the ionization of Ag which would allow it
to permeate through the ionically conductive electrolyte as seen in Figure 1.1[1]. Upon reaching
the nonactive electrode, the silver would lose its charge and begin to grow as a filament from the
nonactive electrode back towards the Ag electrode[1]. Addition studies utilized a circuit model for
photovoltaic devices to support the proposed mechanism of Ag growth[42].
Though a number of bistable devices have been presented that employ an Ag filamentary
mechanism, these systems have demonstrated a more “tunable” resistance necessary for emulating
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(a)

(b)

(c)

(d)

Figure 1.3:

Schematic representations of the filament formation conditions based on the vertical and horizontal
position of the nanoparticle in the PEO film. Arrow color gradients represent qualitative changes in electric potential
within the film. (A) AgNP shorted against the AFM tip or substrate. (B) Filament formation in the absence of
a AgNP. The filament grows directly from the tip to the substrate. (C) The presence of a proximal nanoparticle
deflects filament formation away from the nanoparticle. (D) With the tip positioned over a AgNP, the formation
of two conductive filaments is required to produce a conductive pathway. Adapted with permission from American
Chemical Society. Copyright 2017[3].

synaptic plasticity[29]. For example, synaptic plasticity and learning behavior were demonstrated
utilizing a device with a layering of Ag/poly(3,4-ethylenedioxythiophene):poly (styrenesulphonate)
(PEDOT:PSS)/tantalum (Ta)[29]. In this device, rather than the typical formation of Ag filaments,
there was a movement of an Ag interface through a redox reaction under electrical bias[29]. Similarly,
devices with an active layer composed of Ag2 S to allow for Ag ion migration were formed and tested
as synaptic substitutes, while studying the formation and destruction of Ag filaments as shown in
Figure 1.2[2]. This effort also demonstrated that this mechanism has the ability to emulate synaptic
behavior such as short-term plasticity (STP) and long-term plasticity (LTP)[2].
Multiple states conductive states were also observed in a device with a Ag/P3HT:PCBM/ITO
vertical structure[46]. This device exhibited consistent performance through 100 successive switching
cycles and negligible degradation to the resistive state for nine months storage at room temperature[46].
Similarly, in an optical microscopy setup that also allowed for the application of voltage to a PEO
based active layer in a horizontal stacked device, the filament growth and anodic dissolution behavior was studied in the device and it was determined that the distance between the electrodes
has an effect on the growth of the Ag filaments, with a wider electrode spacing encouraging dendritic behavior[44, 4]. In contrast, smaller distances between the electrodes encourage unidirectional
growth resulting in more electrically stable devices[44].
This work was expanded upon as the effects of salt doping on the PEO based active layer
as well as testing multiple electrodes including Pt/Pt and Ag/Pt were examined as seen in Figure
1.4[4]. The morphology of the polymer film, the inclusion of salt, and electrochemical activity of the
electrode emerged as major factors effecting the filament growth behavior of the devices[4]. PEO
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Figure 1.4:

(a) Current-time characteristics for a planar Pt/Ag-PEO/Pt device with a gap distance of 8.5 µm.
The inset presents a schematic of the device structure and in situ optical microscope images under constant bias of
+2 V. (b) SEM image taken after biasing indicates the random distributed dendritic growth. The scale bar is 1 µm.
(c) Schematic of filament growth dynamics in the planar Pt/Ag-PEO/Pt device. Adapted with permission from John
Wiley and Sons. Copyright 2015[4].

based systems were also used to study the effects of Ag nanoparticles that are capable of acting
as bipolar electrodes within the PEO active layer[3]. It was found that the Ag nanoparticles are
capable of affecting the filament growth direction over an area approximately 6x greater than that
of the nanoparticle in both experimental and simulated results as seen in Figure 1.3[3]. The Ag
nanoparticles also affects the speed of the filament growth with the added nanoparticles slowing
the growth of filaments[3]. Further control the filamentary growth of the PEO based devices and
device characteristics of these Ag filamentary devices was examined with the addition of a conductive
polymer layer of poly(9-vinylcarbazole) (PVK)[45]. The addition of the PVK layer to the device
increased the current ON/OFF ratio and could help control the length and diameter of the conical-
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shaped filaments[45]. It was found that the thickness ratio control of the PEO polymer electrolyte
layer and the PVK conductive polymer layer allowed for control of properties such as the compliance
current level, memory margin, retention time, and device endurance[45].
These Ag filaments provided a resistive switching mechanism for the scaling of nonvolatile
organic memory devices to below a 100 nm diameter without the use of lithography[47]. Using
the organic semi-conductor 4,4-bis[N-(1-naphthyl)-N-phenyl-amino]diphenyl (α-NPD), nanocolumns
were grown by glancing angle deposition on an Ag active electrode[47]. This technique allows for
the creation of nanocolumns by controlling the direction of a depositing molecular beam at an
oblique incident angle onto a substrate that is continuously rotating with each nanocolum capable
of operating as an individual device[47].
While active layers using solely organic based materials allow for the creation of Ag filaments, organics can also assist inorganic systems utilizing the same Ag filaments for conductivity
switching[39, 40, 48]. A graphene oxide quantum dot layer was shown to improve the performance
of a Zr0.5 Hf0.5 O2 based system in key device characteristics such as switching speed and retention
properties as well as power consumption[39]. Organics can offer mechanical advantages as well as
demonstrated by a device formation process making use of the flexibility of a polyimide composite allowed for the formation of a flexible device based on Ag filament formation in a TiO2 active
layer[40]. A device utilizing a nanocomposite of boron nitride (BN) and the polymer polyvinyl alcohol (PVOH) as an active layer in flexible bistable device is another hybrid system that operates
on this principle[48]. This device is formed using a printing based approach including the use of
electrohydrodynamic atomization (EHDA) for the deposition of the nanocomposite active layer and
reciprocating head (RPC) for the Ag electrode which allowed for simple formation and testing of
diffent Ag electrode sizes[48].
Rather than the mixing of organic and inorganic materials, hybrid materials based memristors utilize the same Ag ion mobility mechanism of their organic counterparts[49]. A Ag/CH3 NH3 PbI3 −
xClx /FTO device is one such example that is also a photoresponsive material meaning that properties such as the switching voltage can be altered based on the amount of the light the device
is exposed too[49]. Metal-organic hybrid systems making use of the Ag filaments are one of the
most widely studied hybrid systems. A device with an architecture of Al/P3HT/P3HT:LiFeP4 nanoparticles/ITO is on example of a hybrid device that can also create conductive filaments[50].
Rather than the electrode materials creating the conductive pathway, this device is able to show
7

resistive switching due to the Li from the added nanoparticles[50]. A similar device was studied,
and it was determined that the filament was created from the Cu introduced by the electrode rather
than Li[51]. Another hybrid device utilizing a metal organic framework know as HKUST-1 which
is composed of copper nodes with 1.3.5-benzenetricarboxylic acid struts between them can be used
to form resistive switching devices[52]. This bistable device exhibited resistive switching due to
the emission of the carboxylic groups as carbon dioxide when experiencing Joule heating[52]. This
would allow for the coupling of the neighboring benzene rings and the creation of a sp2 -hybridized
carbon-rich channel[52]. Hybrid materials of silver tetracyanoquinodimethane (AgTCNQ) nanowires
for resistive switching in a bistable device could also be utilized[53]. Another way to fabricate these
MOF devices utilizes a method to synthesize AgTCNQ efficiently in a large area based on a displacement reaction and spontaneous electrolysis was developed[53]. The addition of an ultrathin AlOx
insulator was added along with an Al electrode to form a device that better promoted the formation
of silver filaments formed through the AlOx layer[53].
The formation of Ag filaments has been extensively studied and characterized for its use
in conductivity switching, but other materials have shown similar behavior when forming these
conductive filaments. Aluminum (Al) is one such materials that allows for the creation of conductive
filaments in an analogous manor to the previously mentioned Ag based devices[54, 55, 56, 57] A
sticker-type organic memory device that could easily be placed on non-planar or flexible substrates
utilizes Al rather than Ag filaments[54]. This bistable system utilized a graphene layer grown
on copper (Cu) foil which had the active layer of a (poly (methyl methacrylate) (PMMA):poly
(3-hexylthiophene) (P3HT) blend deposited by spin coating[54]. An organic device utilizing Al
conductive filaments was also demonstrated to work as a wearable memory device for biomedical
applications[55]. This device makes use of parylene, a material approved for use in the human body
by the Food and Drug Administration (FDA), for its active layer, and demonstrated no obvious
degradation when bent down to a 10 mm radius or when bent up to 500 times[55]. Similar results
were also exhibited in a study of the switching properties of parylene-c based flexible devices which
exhibited no resistive switching the same parylene-c device was tested using an inert Pt electrode
rather than an active Al electrode[57]. A slight variation to the mechanism governing filamentary
conduction was proposed from an Al filamentary device when they reported on spliced filaments
consisting of Al and oxygen vacancy filaments in a Al/PVK/ITO device[56]. In this instance, the
Al filament grows from the Al electrode, but it does not completely connect the two electrodes[56].
8

Rather than bridge the two electrodes with a single filament, the conductive filament is completed
by a creation of another filament that is composed of oxygen vacancies[56]. When the conductive
pathway is destroyed, it is not not due to the breakdown of the Al filament but a breakdown of the
oxygen vacancy filament[56].

Figure 1.5:

Observation of ITO conductive filaments in a memory cell at the ON state. TEM images of (a) a
noncomplete and (b) a complete conducting filament in the same memory cell (highlighted by the closed regions),
indicating the filament commences growth from ITO TE. (c) EDS elemental mapping result of the memory cell in
STEM mode, corresponding to (b). Adapted with permission from the American Chemical Society. Copyright 2017[5].

Continuing this trend, copper (Cu) is another metal that can be utilized in these filamentary
switching devices. The filamentary switching using Cu in a P3HT:PCBM based device is similar
to the mechanism previously addressed using both Ag and Al[46]. These devices operate by having
the Cu filament grow from the Cu electrode toward the secondary electrode which is ITO in this
instance[43]. A very similar device with an architecture of Cu/P3HT/Au also exhibited Cu metallic
filaments as the resistive switching mechanism was also studied[51]. This study found that humidity
could have an effect on devices ability to switch with devices tested at high humidity requiring
lower voltages to switch to a higher conductivity state[51]. Water is absorbed from the atmosphere
promoting P3HT decomposition, copper sulfide crystal deposition, and metal filament formation
due to Cu dissolving from the electrode[51].
Others have also reported that ITO filaments can be formed[58, 59, 5] despite many of the
previously mentioned papers utilizing it as an inactive electrode[43, 56, 46]. In work done on a
device with architecture Al/PVK/ITO there appears to be conflicting results as one study argues
for extension of the of ITO into the PVK[58] while the other argues for the extension of the Al into
the PVK[56]. The former of these studies argues that small physical displacements are formed at the
ITO/PVK interface when the PVK is deposited on the ITO[58]. Then, when a voltage is applied,
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the ITO is stripped away from these displacements and pulled into and across the PVK[58]. Other
systems also reported indium diffusion from the ITO/active layer interface creating ITO conductive
filaments[59]. For these devices, a device architecture of ITO/active layer/indium gallium (InGa)
with different active layers including Poly [2-methoxy-5-(2-ethylhexyloxy)-1, 4-phenylenevinylene]
(MEH-PPV), polyimide derivative (polyimide-1), (Tris-(8-hydro-xyquinoline)) aluminum (Alq3 ),
pentacene, and colloidal cadmium selenium (CdSe) nanocrystals[59]. All of these devices showed
very similar switching properties despited the differences in their active layers[59]. A device that
made use of ITO’s flexibility and transparency as well as its ability to form conductive filaments
to create transferable resistive memory was also reported as seeen in Figure 1.5[5]. Poly(methyl
methacrylate) (PMMA) coating as well as a secondary electrode of graphene make the transfer
process possible due to a wet transfer approach[5].
Conductive pathways based on carbon are yet another type of filament that has been demonstrated in a water-resistant bistable device[60]. Using the water stable polymer poly(ethylene glycol
dimethacrylate) (pEGDMA) and an initiated chemical vapor deposition (iCVD) process for the application of the polymer to a substrate, robust devices could be created that withstood both bending
and exposure to water for 27 hours[60]. As a voltage is applied to the device, Joule heating starts
to create voids in the polymer while simultaneously forming conductive carbon rich filaments in
the area surrounding the breakdown region[60]. These filaments were studied using TEM and EDS
mapping and showed no variation in the copper or indium in the active layer indicating that no
metalic filaments formed from the Cu or ITO electrodes[60].
Biological materials have also been found to allow for the creation of conductive filaments
for memristors. Chitosan, a polymer partially made from the shell of crustaceans, is a biological
material that has found a place as the active material in both memristors and transistors through
the creation of conductive filaments[61, 62, 63, 64]. Chitosan memristors were initially created using
platinum (Pt) and silver (Ag) electrodes sandwiching a thin film of silver doped chitosan[61]. These
devices had the added benefit of being able to be formed on flexible plastic substrates with the
data retention properties exhibiting very little degradation[61]. This work would be expanded upon
to show flexible and water soluble devices utilizing rice paper and chitosan substrates with Mg
electrodes[62].
Egg albumen is another biological material that has been examined for its viability in both
memristors and transistors with different proposed mechanisms.[65, 66, 67, 68, 69]. In 2015, a
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memristor with a simple aluminum (Al)/albumen/indium tin oxide (ITO) device structure that
utilized fresh eggs without any form of purification was reported[65]. The method by which these
devices alter their current is heavily dependent on the iron (Fe) mineral found in the albumen
that is capable of forming conductive filaments[65]. As electrons are injected into the device, they
fill charge trap sites caused by amino acids in proteins[65]. When the applied charge goes over a
certain threshold voltage, oxidized Fe ionics can be reduced and oxygen diffuses through the albumen
film[65]. These reduced filaments of Fe form the conducting pathway through the film, and the device
is able to turn off as an opposite voltage oxidizes the Fe again and lowers the conductivity of the
filament[65]. This work opened other possibilities including the design of water soluble devices[66].
Mechanistically, it was proposed that the resistive switching was due to localized metallic filaments
in conjunction with electron hopping between Fe ions[66].
Biologically based systems could be utilized in more advanced memristor systems meant
for artificial synapse modeling[28]. Utilizing a lignin as the active layer, ITO coated polyethylene
terephthalate (PET) as the bottom electrode, and a gold (Au) top electrode, they created a memristor capable of emulating short-term plasticity, long-term plasticity, spike-rate-dependent plasticity,
an analog switching memory[28]. It is believed that carbon atoms in the lignin are related to the
conductivity change as lignin can be altered to an amorphous carbon matrix or graphitic structures
through the application of thermal energy[28].

1.2.2

Charge Transfer
Charge transfer typically occurs in electron donor/acceptor pair where the field dependent

donation of charge from the donor to the corresponding acceptor molecule results in the resistive
switching. In organic systems, a wide variety of devices have been demonstrated utilizing different
donor and acceptor groups and different molecular structures.
To better understand how structural changes can effect the device properties, different structural arrangements between donor-π-acceptor-π-donor and acceptor-π-donor-π-acceptor structures
are examined for their resitive switching characteristics using triphenylamine-based molecules[70].
The donor-π-acceptor-π-donor structures showed reversible bistability while acceptor-π-donor-πacceptor structures showed one time switching behavior and lower ON/OFF rations[70]. This
was due to the outside acceptor groups disturbing the π-conjugated system due to their electron withdrawing behavior disrupting the charge transfer pathway[70]. The donor-π-acceptor-π11

(a)

(b)

Figure 1.6:

(a) The chemical structure of TPD-FCN molecule; (b) the schematic diagram of the Al/TPD-FCN
/ITO device. Reprinted by permission from Springer Nature. Copyright 2013[6].

donor molecule N,N’-bis[4-(1,1-dicyanovinyl)phenyl]-N,N’-bis(4-fluorophenyl)benzidine (TPD-FCN)
was later prepared and more extensively studied, and the chemical and device structure can be seen
in Figure 1.6[6]. This Al/TPD-FCN/ITO device demonstrated the formation of 10 nm dots where
the charge transfer would take place to create an area of delocalized electrons[6].
Rather than structural changes, organic devices can also be tuned through the alteration
of the donor or acceptor groups. Utilizing a single electron acceptor (triazole), devices were created
utilizing phenol or benzene groups to create WORM memory, triphenylamine for a stable flash-type
effect, or carbazole to create a DRAM device[71]. Anaysis of these polymers showed that these
behaviors were due to the different charge delocation abilities of the electron donors altering the
charge transfer process with the triazole electron acceptor[71].
Yet another tuning method was demonstrated by altering the monomer ratio in a random compolymer which could also be utilized for flexible devices as shown in Figure 1.7[7]. A
triphenylaminepyrene containing donor-acceptor polyimide system utilizing diamines 4,4’-diamino4”-methyltriphenylamine (AMTPA) or N,N-bis(4-aminophenyl)aminopyrene (APAP) as electron
donors and the dianhydride 4,4’-(hexafluoroisopropylidene)diphthalic (6FDA) anhydride as the electron acceptor while differing the relative AMTPA/APAP molar compositions were examined for
their memory characteristics[7]. As the APAP concentration increased, the polymer showing increasingly nonvolatile behavior such that polymers composed of APAP would act as WORM devices
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and the polymers with compositions of AMTPA90-APAP10 could operate as WORM devices or
bipolar flash memory[7].
While organic devices have been shown to exhibit a multitude of conductivity states, it can
be at the expense of well defined differentials in current ratio. Some charge transfer devices offer a
compromise by allowing for three to four conductivity states that can have current ratios that are
orders of magnitudes apart[32, 72, 73, 74, 75, 76, 31, 72]. A ternary memory device was demonstrated
from 2,7-bis((4-(dimethylamino)phenyl)diazenyl)-9H-fluoren-9-one (FKAZO 2) and bis(4’-((E)-(4(dimethylamino)phenyl)diazenyl)biphenyl-4-yl)methanone (DPKAZO 1)[32]. These two molecules
showed three distinct resistivity states using different electron-deficient center groups that altered the
planarity of the molecule[32]. The switching voltage of the FKAZO 2 was drastically lowered due to
the improved planarity of the electron-withdrawing center group allowing for more ordered stacking
and more favorable π-π interactions[32]. Preserving the donor-acceptor1-acceptor2-acceptor1-donor
structure from previous work[32] while introducing a 1,3,4-oxadiazole as the acceptor1 molecule[73].
(p,p-bis(2-aryl-1,3,4-oxadiazol-5-yl)diphenyl sulfone (OZA-SO) was synthesised and showed ternary
device switching properties[73]. Alterations to the device could be made by changing the donor
groups in p,p-bis(2-methoxyl-1,3,4-oxadiazol-5-yl)diphenyl sulfone (OZO-SO) at the expense of the
third conductivity state[73].
Another ternary system utilized the material triphenylamine (TPA) as the electron donating material in several charge transfer based systems with different electron accepting groups[74, 75].
(E)-1-(4-((4-(diphenylamino)phenyl)diazenyl)phenyl)ethanone (TPA-AAP) and (E)-4-((4-nitrophenyl)diazenyl)N,N-diphenyl-aniline (TPA-NAP) were synthesized as ternary memory devices with differing electron
accepting groups[74]. (E)-4-((4-bromophenyl)diazenyl)-N,N-diphenyl- aniline (TPA-BAP) was also
synthesized but the weaker accepting group leading to less localization of the HOMOs and LUMOs
and eliminating one of the resistivity states[74]. This work would be continued when examining the
use of a thienyl spacer between the donor and acceptor structures[75]. This simple alteration allowed
for the lowering of the switching voltage when compared to a pheyl spacer due to the smaller torsion
between the donor and acceptor groups which lowers the charge transfer barrier[75].
Another structural change that has been shown to allow or the creation of ternary and quaternary memory devices is simply alter the number of electron acceptors on the molecule[76, 31]. For
the ternary device study, two compounds based on the electron-donor carbazole and electron acceptor
naphthalimide as well as additional cyano groups on the carbazoles for an additional donor/acceptor
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pathway were synthesized called DPHCANA and DPCNCANA[76]. DPCNCANA was capable of
three conductivity states without controllable reversibility while DPHCANA was only capable of
achieving two states but could be reset with an oppositely applied voltage[76]. This is due to the
DPCNCANA molecule having an additional negative electrostatic potential region which granted
the resistive states more an additional state and more stability once switched[76]. This work was continued through the synthesis of 6-(5-(7-(5-(9-(2-ethylhexyl)-6-nitro-carbazol-3-yl)-4-hexylthiophen-2yl)benzo[c][1,2,5]thiadiazol-4-yl)-3-hexylthiophen-2-yl)-2-octyl-1H-benzo[de]isoquinolin-e-1,3(2H)-dione
(NONIBTDT) that contains three electron acceptors and two electron donors[31]. The multiple
states were due to the device having to undergo multiple charge transfer processes to facilitate the
three electron acceptors on the molecule[31].
Other structural changes such as the re-positioning of substituent groups were utilized to
create two state and three state devices with both sowing order of magnitude difference in their
current ratios[72]. Subphthalocyanines with donor-acceptor substituents were functionalized either
axially or peripherally and used in ITO/acive layer/Al devices that could be utilized as either binary
(peripherally substituted) or ternary (axially substituted) resistive switching[72]. While the axially
substituted system exhibits ternary resistive memory due to the presence of two charge transfer
process, the peripherally substituted system has multiple possible charge transfer processes that
have very similar vertical excitation energy such that only one conductivity switch is observed[72].
While the formation of three or four state memory has advantages, charge transfer processes
were demonstrated to move through a multitude of conductivity states as well. Utilizing a donor
acceptor oligomer contain electron-rich fluorene and dithieno[3,2-b:2’,3’-d ]pyrrole moieties as a conjugated backbone for charge carriers and electron-poor 9,9-bis(3,4-bis(3,4-dicyanophenoxy)phenyl side
chains, a system that could smoothly transition through its conductivity states as well as showed a
pinched hysteresis loop characteristic of memristors was demonstrated[77]. This allows the device to
function as a synaptic memristor as it transitions through multiple conductivity states rather than
exhibit a single jump in conductivity[77]. These devices with architectures of Pt/oligomer/tantalum
(Ta) also demonstrated a self-rectifying effect regardless of state likely due to the Schottky barrier
at the oligomer/Ta interface[77].
While these small molecule devices showed great promise in going beyond two conductivity states, other devices utilized hybrid systems to facilitate the charge transfer process.[78, 79,
80, 33, 33, 81] The conjugated polymer iamP1 which contains cationic Ir(III) in the main chain
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Figure 1.7: (a) PI(AMTPA95-APAP5) memory device in flat and various bent states. (b) Variation of current
density and threshold voltage of the flexible PI(AMTPA95-APAP5) with different bending radii. Reproduced from
with permission from The Royal Society of Chemistry. Copyright 2012[7].

in a polyfluorene system can be utilized to create bistable memory[78]. Alterations to the ligand
structure of the Ir(III) complex was shown to be able to alter the electronic property of the device
offering tunable devices[78]. Similar materials were also able to create a ternary electronic memory
device utilizing the polymer iamP6 composed of 2-(9H-carbazol-9-yl)ethyl methacrylate and a complex Ir(III) monomer[79]. While the high conductivity state was believed to be caused by charge
transport betweeen the carbazole and Ir groups, the intermediate was actually believed to be caused
by conformational change in the carbazole groups before the charge transfer was able to occur[79].
Hybrid materials where polyhydroxyimides (PHIs) contains Ti2 O and Zr2 O attached to the polymer
backbone to create optically clear and flexible material capable of showing bistability[80]. Different
weight percentages of the could be used to alter the switching properties and create devices that
acted as RAM devices or WORM devices[80].
By utilizing ordered block copolymers and AU nanoparticles, it is possible to create a memory device and demonstrate the ability of theses materials to self-assemble into nanostructures which
can allow for ultra high density memory devices[33]. By combining thin films of PS-b-PMMA an
gold nanparticles decorated with 2-naphtylthiolate (NT-AuNPs) to give them an affinity for the PS
blocks, it is possible to create PS cylinders with average diameter of approximately 40 nm diameter

15

with a density of up to 101 0 /cm2 [33]. This film, when prepared with two Al electrodes, acts as
WORM memory where the device moves to a lower conductivity state from the charge transfer process as the charges accumulate on the Au nanoparticles, and the NT lowers the conductivity of the
film[33]. A similar method of charge transfer was used to create a bistable device using Au nanoparticles in conjunction with polyaniline nanofibers[8]. The gold nanoparticles are actually grown on
the polyaniline fibers through through direct reduction of chloroauric acid[8]. Depending upon the
size of the gold nanoparticles used, the device could show a variety of turn-on biases and ON/OFF
ratios while also altering the number of cycles the device could be effective as shown in Figure 1.8[8].
Another hybrid system was created by utilizing MoS2 nanosheets chemically modified with PVK
to create Au/MoS2 -PVK/ITO devices where the MoS2 acts as an electron acceptor and PVK acts
as an electron donor[81]. These devices showed improved memory properties over a blend of PVK
and MoS2 including lower switching voltages and a higher ON/OFF current ratio and compared
favorably to other similar systems[81].
Electrocrystallization can be used to prepare a crystalline hybrid materials based on Ag(TCNQ)
(TCNQ = 7,7,8,8-tetracyanoquinodimethane) focusing on 2,5-dihalogen substitutions utilizing chlorine (Cl) and bromine (Br)[82]. This resistive switching was likely due to a current promoted charge
transfer from the TCNQ radicals to the 5s orbital of the Ag leading to a higher conductivity state[82].
The switching behavior of TCQN based materials utilizing AgTCNQF4 -Ag nanoparticles-TiO2 organicmetalinorganic hetero-nanojunction array was also studied[83]. However, they were not able
to confidently state the exact mechanism for the resistive switching in this system[83].
It should be noted that the chemical and physical changes that occur for materials to undergo
resistivity changes can also effect other properties[84]. One such example was studied where devices derived from starburst triarylamine-base electroactive polyimide demonstrated electrochromic
and resistive memory characteristics[84]. These flexible devices builds upon the electron donating
triarylamines not uncommon in high performance polyimide polymers by incorporating starburst
triarylamine which strengthens the electron-donating characteristics of the group[84]. Along with
allowing for good film forming and solubility properties, this change allows for the stabilization of its
radical cations[84]. All of this leads to more stable charge transfer which allows for improved bistable
resistive switching and improved stability for the electrochromic properties of the polymer[84].
Radical and ion-containing copolymers for use in memristors were examined extensively for
their charge transport properties[30, 85, 86, 87]. All of these systems utilized block polymers such as
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Figure 1.8:

Characteristic I-scans for autoreduced gold nanoparticle-polyaniline nanofiber composite memory
devices. Adapted with permission from the American Chemical Society. Copyright 2011[8].

poly(styrene-b-ethylene oxide) (PS-b-PEO) to form nanospheres in the active layer where the charge
transfer was able to take place and create a multitude of different devices and examine different
properties of these devices[30, 85, 86, 87]. The incorporation of redox-active stable radicals such as
2,2,6,6-tetramethylpiperidinyl-N -oxy (TEMPO) are incorporated to facilitate the charge transfer in
these devices[30, 85, 86, 87]. Their study into film morphology studied included cylinder, spheres
and stacked lamellae structure showed nanospheres to be the most promising in the formation of
reversible devices[30]. However, further study using polymers with the radical and ion-containing
groups incorporated into the polymer demonstrated that the location of the functional groups in
the microphase-segregated domains is also an important factor for tuning memory characteristics as
WORM type devices could be formed even when a stable spherical phase was formed in the active
layer[85, 86, 87]. It was found that this was also dependent upon what phase of the material was
forming the spherical domain which was shown that both the radical and ion-containing groups did
not have to be in the spherical phase to form a reversible device after flipping the phase that created
the spherical domain[87].

1.2.3

Space Charge and Traps
The formation of space charge and traps results from charge accumulation in the volume of

the active material or at interfaces. Once these traps are exposed to enough charge to, they can be
filled and allow for easier movement of charge carriers.
These trap sites can be formed in a number of ways including the use of donor-acceptor
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systems similar to those used to create charge-transfer based systems[88, 89]. Using the electrondonating 4-vinyltriphenylamine (VTPA) or 4,4’-dicyano-4”-vinyltriphenylamine (CNVTPA) and
electron-withdrawing 2-(4-vinylbiphenyl)-5-(4-phenyl)-1,3,4-oxadiazole (BOXD), polymers were synthesized with varying donor/acceptor ratios, and they were made into standard ITO/polymer/aluminum
devices[88]. For the VTPA based systems, only the polymer with a donor-acceptor ratio of 8/2
showed SRAM or DRAM characteristics while the CNVTPA based systems showed negative differential resistance[88]. Most of the switching behavior was attributed to trap states in the polymer
layer with charge transfer being a minor factor[88]. A ternary memory device was shown to be
formed by two small molecules composed of the same electron-rich and electron-deficient groups
but with variations in the molecular length with the long molecule showing ternary memory and
the short molecule showing no obvious shifts in the conductivity[89]. This was attributed to the
stacking in the formed films with the long molecule showing close stacking and the short molecule
showing an amorphous structure[89]. A similar concept was utilized but with variations to the terminal groups on the donor-acceptor molecules[90]. The molecule with a higher packing efficiency
(7,8-bis(decyloxy)-3-(2-hydroxy-4,5-dinitrophenoxy)phenazin-2-ol) is able to exhibit three resistivity
states rather than the two shown by the molecule with lower packing efficency (7,8-bis(decyloxy)-3(2-(decyloxy)-4,5-dinitrophenoxy)phenazin-2-ol)[90]. The less efficent packing means that all traps
in the system must be filled before the device can change its resistance[90].
Other systems can use blends of materials to create trapping sites. One group of materials
that has been studied is also know as excellent materials for use in photovoltaics such as polyimide
(PI) and phenyl-C61-butyric acid methyl ester (PCBM)[91, 9, 92, 93, 94, 34] The percolation behavior of conductive pathways in PCBM based systems and how this relates to trapping/de-trapping in
the material is one such study[91, 9]. Devices composed of PI and PCBM were tested to determine
why these materials were able to experience intermediate resistivity states[91]. It was believed that
percolation pathways formed and destroyed through the changes to trap sites in the material caused
these resistivity changes[91]. A similar study was done on a device with an active layer of PS:PCBM
with similar results which can be seen in Figure 1.9[9]. A device with architecture of ITO/ZnO
nanowires/P3HT:PCBM/PEDOT/Ag paste is capable of showing hysteric response when in a dark
environment are simply resistive when exposed to light[34]. While the exact mechanism of this
behavior was not completely understood, it was believed to be due to the heterojunction organic
layer and ZnO layer creating a trap state[34]. However, exposure to light can effectively eliminate
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Figure 1.9: Current-voltage (I-V) and noise characteristics of PS:PCBM nanocomposite memory. (a) Unipolar I-V
relation of a PS:PCBM nanocomposite memory device. (b) I-V characteristics of PS:PCBM exhibiting multi-level
resistive states at room temperature. (c) Schematic for the noise measurement setup. (d) 1/fγ noise at various resistive
states and NDR. Reprinted with permission from Nature Scientific Reports. Copyright 2016[9].

this barrier due to the trapping states becoming filled by the generated electron-hole pairs in the
active layer[34]. The same materials could be used to create flexible WORM memory devices using
both standard metal electrodes and multilayer graphene (MLG) electrodes and PI:PCBM[92, 93].
The first device was a Ti/Au/Al/PI:PCBM/Al device on PET where the Ti and Au layers were to
prevent oxidation of the bottom Al electrode caused by the PET substrate[92]. This device showed
strong mechanical and electrical stability through a variety of bending tests using a minimum bending radius of 9 mm and up too 140 bending cycles[92]. The devices formed with a top graphene
electrode through a transfer process which saw the electrodes formed on an SiO2 wafer and transfered with PMMA showed better stability[93]. The MLG systems also retained a current ratio of
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106 over these tests while the metal electrodes only maintained a current ratio of 104 [92, 93]. Layers
of PI:PCBM can also be used to create three dimensional structures using three layers of devices
in an 8x8 crossbar-structure[95]. It was demonstrated that cells from each of the three layers were
able to operate individually with near identical electrical properties with approximately 83% of the
devices operating[95].
Other devices utilizing photosensitive materials were formed utilizing semiconductive polymer assisted chemical exfoliation (SPACE) with MoS2 and P3HT, P3OT, and MDMO-PPV polymer
systems[94]. These device utilize a number of the polymer-MoS2 nanosheets where these junctions
act as charge carrier trapping sites until the potential height of the barrier well is decreased enough
to allow for current flow[94]. A similar hybrid system of C60 and single-layer MoS2 nanocomposites
can be used to form memory devices[96]. It was found that this system is very sensitive to the
weight percentage of C60 such that the weight percentage should be between 3 wt % to 6 wt % or
the device will increase the set voltage while also decreasing the ON/OFF current ratio[96]. Flexible
memory devices can also be created from similar compounds by using fullerene derivatives PCBM
within a self-assembled poly(styrene-b-methyl methacrylate) diblock copolymer matrix[97]. This
work utilizes a copolymer matrix to form stable 10 nm PS nanosphere domain where the PCBM
aggregates due to a higher affinity to the PS rather than surrounding PMMA[33, 97]. These PS
nanosperes were only stable at low concentrations of PCBM as at over 2.5 wt % ncrystals of PCBM
would begin to form[97].
While trapping in photosensitive systems may be well studied, a variety of organics can be
mixed to form trapping sites. One example utilizes photochemical polymerization using graphene
oxide (GO) as initiator to generate a new film with polypyrrole (PPy) covering a layer of GO[98].
The traps states due to the structural defects caused incorporating oxygen functional groups as
well as possible trapping states due to the oxidized states in the PPy[98]. Other organic systems were also able to form an efficient quaternary RRAM memory device via the addition of a
PEDOT:PSS layer in conjunction with a squaraine (SA-Bu) layer to form a ITO/PEDOT:PSS/ASBu/Al architecture[99]. The PEDOT:PSS was shown to provide better contacts at the grain boundaries and the electrode/active layer interface, reduce the hole injection barrier from the electrode to
the active layer,and improve the alignment of the organic grains in the active layer leading to lower
threshold voltages for each of the devices conductivity switches[99].
Other phenomena have been reported in devices making use of multiple organic materials.
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One such example is an a device that was reported to be used as both a bistable memristor as well
as WORM memory utilizing a blend of PVA and PEDOT:PSS[100]. In memristor mode, the device
could be cycled through the ON and OFF states more than 1000 times, but the device was placed into
a permanent high resistance state once a large negative bias of -8 V was applied[100]. The bistable
switching was attributed to the blend of PVA and PEDOT:PSS while the WORM characteristics
were attributed to a redox reaction in the PEDOT:PSS[100]. Other devices have made use of
PEDOT:PSS for its mechanical abilities to form flexible devices[101]. A physical phenomena was
observed in a mixture of highly polar plastic-crystalline organic molecule succinonitrile (SN) and the
insulating polymer PMMA which can create trapping sites that appeared as craters in the film[102].
As the concentrations of SN and PMMA were altered, small craters were observed and each of these
craters contained a single SN disk embedded into the middle of the PMMA matrix[102]. Charge
carriers get trapped at the interface between the PMMA and SN disk until filled and the system can
switch to a high conductivity state[102]. Phenazine compounds can be utilized for memory devices
when mixed with stearic acid (SA) and tuned to be either a WORM device for a bistable device
based on the concentration of the two materials[103]. This is attributed to the difference in spacing
of the phenazine compounds as the SA concentration is increased therefore limiting the ability of
trap sites to de-trap charge carriers and return to an off state[103].
The combination of inorganics dispersed in organic matrices where the inorganic material
is able to act as a trapping site is another popular way to formulate restive switching materials. A
hybrid system of Co9 Se8 quantum dots (CSQDs) and polyvinylpryrrolidone (PVP) as can be used
to formulate flexible devices[104]. It was proposed that the CSQDs act as trap sites which can fill
and form conductive pathways through the active layer, but the device cannot return to an OFF
state as the PVP acts as an insulator and prevents the charges from escaping the trapping sites[104].
Other work also make use of inorganic nanoparticles in a polymer matrix such as SnO2 in a PMMA
matrix to form bistable devices[105]. Several devices were fabricated to test the effect of SnO2 wt
% with 2 wt % showing a good ON/OFF current ratio of 103 and any device with approximately
3 wt % or higher showing a decreased ratio as large aggregates are allowed to form[105]. Others
also examined devices utilizing hybrid systems with gold nanoparticles embedded in a conducting
poly(N-vinylcarbazole) matrix[106]. Rather than filamentary conduction previously shown in other
work utilizing gold nanoparticles, these bistable devices operate due to the presence of trapping
states caused by the gold nanoparticles[106].
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Figure 1.10: (a) Schematic of device fabrication procedure. (b) TEM image of the cross section of device I. The
inset shows an enlarged view of the graphene layer. Reprinted with permission from the American Chemical Society.
Copyright 2016[10].

Another popular material for the creation of trapping sites is carbon in the form of graphene
or carbon nanotubes. Carbon nanotubes dispersed into a PVK matrix could be formed into a variety of memristors based on the concentration of carbon nanotubes[107]. At 1 weight percentage of
carbon nanotubes, WORM devices were formed, but reversible bistable devices could be produced
at different weight percentages[107]. Rather than graphene nanoparticles dispersed in a polymer
matrix, other devices utilized single layered graphene and PMMA sheets[108, 109]. The devices utilized architectures of Al/PMMA/graphene/PMMA/ITO/PET which also allowed for the formation
of a flexible device[108, 109]. While this system should exhibit trapping states, these bistable devices
were believed to be caused by the creation of conductive filaments through the PMMA layer which
can collapse under Joule heating[108, 109]. Expanding upon this, two devices were constructed with
one composed of ITO/PMMA/graphene/PMMA/Al exhibited binary switching behavior and the
other composed of ITO/PMMA/graphene/PMMA/graphene/PMMA/Al exhibited ternary switching behavior[10]. The reversibility is similar to previous work. in that when electrons are injected
from the Al electrode and detrap when an opposite bias is applied[105, 10]. As the graphene sheets
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between the PMMA act as trapping sites for charge carriers, each sheet must fill up or empty its
trap state before charge carriers can effectively move to the next sheet meaning the number of states
is dependent on the number of graphene layers which is schematically shown in Figure 1.10[10].
Similar to the layering of graphene, a layered system using a layer-by-layer assembly of
cationic poly(allulamine hydrochloride) (PAH) and anionic iron (III) phthalocyanine-4, 4’, 4”, 4”’tetrasulfonic acid (Fe-TsPc) can also be used as a hybrid system memristor[110]. These devices can
show good ON/OFF current ratios of approximately 103 by increasing the number of bilayers up to
20, but this can be further improved to ON/OFF current ratios of approximately 106 by inserting 2
nm thick insulating layers between the Fe-TSPC layers[110]. Kelvin probe force microscopy (KPFM)
was used to show that the switching mechanism was primarily the trapping of charge carriers at
redox cites within the Fe-TsPc[110].

Figure 1.11: (a) HOMO orbital, LUMO orbital, and molecular ESP from DFT calculations. A schematic diagram
of the charge carrier transport process in the FKAZO 2-based memory device. (b) LUMO and HOMO energy levels for
the three molecules, calculation based on CV. Reproduced from with permission from The Royal Society of Chemistry.
Copyright 2015[11].

The choice of electrodes can be key in these types of devices as they can influence the stability of trapping states. 2-[(pyridin-4-ylmethylene)-amino]-6-(N0-pyridin-4-ylmethylene- hydrazino)benzo[de]isoquinoline-1,3-dione (2PyNI), a p-π small molecule, were found to behave differently when
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using different electrodes allowing the device to show volatile memory when used with an Au top
electrode and nonvolatile memory (WORM) when used with an Al top electrode[111]. Interactions
between the polymer layer and the metal layer were attributed to this change as the Al had much
stronger interaction with the polymer layer according to density functional theory (DFT) which
likely helped to stabilize the device, prevent the electrons from leaving the trap states, and creating
a WORM device[111]. The device could also be moved to the ON state at lower voltages when
exposed to 365 nm light as it helped to fill the devices trap states[111].
Rather than forming trapping sites using multiple materials, polymers offer a way of creating trapping sites in a single large molecule. A new carbazole containing monomer, 3,3’-bis[9carbazole(ethyloxy)biphenyl]-4,4’-diamine (HAB-CBZ) was used to create a series of polymeric compounds in combination with different dianhydrides[112]. All four of these polymers were formed
into Al/active layer/Al devices and showed very similar WORM memory properties including high
ON/OFF current ratios of 109 to 101 0[112]. The high current ratio was believed to be due to the
imide rings acting as local charge trap sites[89]. Other work demonstrated a conjugated alternating
copolymer poly[(9,9-dioctyl)-2,7-fluorene-co-N-4-methoxy-4,4’-triphenylamine] (PFTPA) where the
fluorene acts as a conjugated channel along the backbone and the triphenylamine acts as an electron donating group[113]. The swtiching characteristics are attributed to the large energy barrier
between the Al electrode and the LUMO of the PF-TPA of 2.08 eV[113]. Once the threshold voltage
is reached, the injected electrons increase and create conductive pathways[113]. Polyelectrolytes
such as maltoheptaose-block -polyisoprene (MHPI) with a light emitter such as poly[2-methoxy-5-(2ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) also demonstrated promise for ternary WORM
memory devices in a light-emitting electrochemical cell[114]. The intial ON state is formed when the
applied voltage is high enough that MHPI has accumulated enough electrons to overcome the trap
state and form a continuous conductive pathway[114]. The secondary ON state is due to the electrochemically doped MEH-PPV transporting the free charge carriers as the LiCF3 SO3 ionic dopant
accumulate near the electrodes[114]. This secondary ON state is where the device also begins to
emit light, and this mechanism appeared to be consistant across other light emitters tested[114].
To demonstrate how small changes can effect trapping states, the effect of substituting
a single atom in an organic conugated molecule composed of a diethylamine donor, pyrimidine
and benzochalcogenodiazole acceptors where O, S, and Se were substituted to create the three
different molecules[11]. These devices functioned by first filling the shallow traps caused by the
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pyrimidine acceptor is filled followed by the filling of the traps caused by the benzochalcogenodiazole
leading to three different resistivity states[11]. While all three molecules demonstrated ternary
WORM behavior in an ITO/active layer/Al device which is schematically shown in Figure 1.11,
the three different devices demonstrated different electrical properties including switching voltages
and resistance at the first ON state[11]. The molecule that substituted O allowed for the tightest
packing an enhanced π-π stacking leading to good charge transport which in turn allowed for lower
switching voltages and higher ON/OFF current ratios[11].
While work previously presented described filamentary conduction as the principle method
of resistive switching in egg albumen, other work describes trapping sites as the primary method
of resistive switching. Other work utilized egg albumen treated with 10 % hydrogen peroxide as
it showed an improved ON/OFF current ratio and attributed the resistive switching to be due to
charge transfer between trap centers instead[67]. While other concentrations of hydrogen peroxide
were tested, they could not improve on the properties shown by the 10 % sample[67]. The proposed
mechanism was that trapping sites were created by the hydrogen peroxide modification which causes
metallic ions such as Fe, Na, and K to become surrounded by protein chains and extricated to
become trapping sites[67]. A similar mechanism was demonstrated in a ferritin memristor[115].
While conductive filaments were observed, these were likely due to the charge hopping between the
ferrihydrite cores of ferritin acting as trapping sites and emitting the electrons at high electrical
field[115].

1.2.4

Conformational Change
Field induced conformational changes in polymers has been indicated to be a prime mecha-

nism for resistive switching in polymers with backbone and/or pendant electronic conjugation. This
mechanism for resistive switching relies on the molecular mobility of a polymer to allow islands of
electronic delocalization to spatially readjust to allow charge tunneling or transport between islands
under an applied field.
Carbazoles is one such pendant group that has allowed for conformational change based
memristors due to the π-stacking possible when the groups align[116, 36]. In fact much of the
research in this area has been based around the utilization of carbazole based structures namely PVK.
A Friedel-Crafts postfunctionalization of PVK to add nonplanar phenylfluorene moieties (PFM)
created a reversible bistable device from PVK which traditionaly does not show resitive switching
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behavior[116]. The addition of the bulky PFM to the carbazole groups allows for the disruption of
the carbazole alignment which is critical for the materials charge transport properties and is not
seen in PVK[116]. Under an electrical field, the groups are capable of going in and out of alignment
which increases and decreases the conductivity of the material[116].
Similar effects can be observed by spacing the carbazole group away from the polymer
backbone allowing for more freedom of movement[117, 118, 35, 36]. Much of this is based on the work
of Lim et al. where they synthesized (2-(N-carbazolyl)ethyl methacrylate (PMCz) and poly(9-(2-((4vinylbenzyl)oxy)ethyl)-9H-carbazole (PVBCz) to examine how the carbazole group would behavior
when futher separated from the polymer backbone[36]. Both of these systems showed bistability with
PMCz being non reversible and PVBCz being able to return to the OFF state if allowed to rest with
no applied voltage for several minutes[36]. Analysis of the polymer films including X-ray diffraction,
fluorescence, and TEM images showed that this was likely due to the carbazole groups undergoing a
conformational change[36]. To investigate this further, poly((4-vinylbenzyl)-9H-carbazole) (PVCz)
was synthesized which utilized a rigid benzyl spacer rather than a flexible spacer[117]. This devices
showed very similar properties to the previously reported PMCz[36, 117]
This concept was successfully utilized to create reversible bistable devices with large ON/OFF
ratios of 105 [118]. By synthesizing , poly(9,9’-(4,4’-(2-(4’-sec-butylbiphenyl-4-yl)ethene-1, 1-diyl)bis4,1-phenylene)bis-9H-carbazole) (PBC), nonreversible bistability can be observed but this becomes
reversible when the it is copolymerized with PVK (PVK-PBC)[118]. The addition of the PVK into
the polymer likely allows for the PBC groups to have more free volume allowing for the reversible
conductivity change from altering conformation[118].
Similar systems showed that through further control of the side chain flexibility, a hysteric
response could be observed indicating multiple conductivity states[35]. These polymers were formed
into Al/polymer active layer/ITO devices and tested under alternating and direct current[35]. While
all the devices showed a large jump in conductivity seen in bistable devices, the polymers with larger
side chains and lower glass transition temperatures also showed a hysteric response indicative of
devices with multiple conductivity states[35].
Using a similar conformational system with the addition of light sensitivity, a nonvolatile
bistable device that could be reset by exposure to a specific light wavelength for optically erased
behavior in a colloidal memristor was created[12]. A methacrylate terpolymer utilizing carbazole
moieties(electron donor), 1,3,4-oxadiazole moieties (electron acceptors), and coumarin-6 as pendant
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Figure 1.12:

Currentvoltage characteristics of turned ON (a) PKNC and (b) PKN colloidal device before (red)
and after (blue) 2 min exposure to 360 nm light source. Reproduced with permission from The Royal Society of
Chemistry. Copyright 2015[12].

groups to form a new polymeric active layer (PKNC) which could be formed into a colloidal system
using a miniemulsion process[12]. The device with architecture of ITO/PKNC/Al had a turn on
voltage of approximately -4.5 V and a high ON/OFF current ratio of 106 [12]. While the incorporation
of the 1,3,4-oxadiazole creates an shallow trap state, the restive switching mechanism is attributed
more to the realignment of carbazole groups undergoing donor-acceptor interactions leading to an
accumulation of space charge and a redistribution of the electric field[12]. Exposing the material to
light in the absorbance range for the coumarin 6, excites the coumarin and allows for the release of
trapped carriers which can be observed in Figure 1.12[12].
Continuing this trend, a similar polymer based on a novel silicon-containing π-stacked polymer of silafluorene (PVMSiF) was utilized to form Al/PVMSiF/ITO write-once read-many-times
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Figure 1.13:

Local conductivity probing at nanoscale with scanning tunneling microscopy (STM). a) Simplified
schematic diagram of the experimental setup. The local current imaging tunneling spectrum (CITS) can be obtained
at each pixel during constant height imaging by applying a bias through the Pt-Ir tip. b) Nanoscale conductivity
mapping of silk fibroin memristor devices during SET and RESET condition. The STM image shows a higher density
of conducting spots or conducting filaments formation during SET condition while those disappear during RESET
condition. Reproduced with permission from John Wiley and Sons. Copyright 2012[13].

memory (WORM) devices[119]. This polymer makes use of the interaction between silica (Si) and
the π-conjugated system and long C-Si bond length to allow for the breaking of the π-π stacked
conductive pathway[119]. The device starts in the ON state and can turn to the OFF state with
either hole or electron injection with high ON/OFF ratios of up to 4 x 106 [119]. This concept was
also demonstrated this pendant carbazoles in polymer brushes[120].
Carbazoles based materials are not the only systems capable of undergoing conformational changes for resistive switching. Another reversible system was demonstrated by synthesizing
a polyimide composed of electron donating 2,2’-bis[4-(diphenylamino)phenyl]-substituted biphenyl
moieties and electron-accepting phthalimide moieties[121]. The reversibility was due to the polymer’s ability to relax into its initial conformation and the charge transfer process also occuring
is reversed[121]. A similar polymer was formed with 2,2’-bis[4-(9H-carbazol-9-yl)phenyl]- as the
electron donating group but it did not show reversibility[121]. Others utilized a polymeric system
contianing oxadiazole moieties for electron donors and phthalimide moieties for electron acceptors
in solution-processable functional polyimide based device[122]. The devices were able to show resistivity changes with ON/OFF ratios in the order of 104 , but the device could only remain in the
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(a)

(c)

(b)

Figure 1.14: Flexible all solid-state neuromorphic device. a, Schematic of the device. b, Photograph of the device
while being flexed. c, 125 potentiation and depotentiation states obtained with 0.5mV pulses. The inset shows the
conductance difference between contiguous states. Reprinted by permission from Springer Nature. Copyright 2017[14].

ON state for approximately 4 minutes before it would reset but would not reset with an electrical
bias[122]. This was explained as the combination of conformational change and charge transfer between the oxadiazole and pthalimide[122]. As the charge transfer is taking place, the electrical field
forces a conformational shift which increases the torsional displacement between the charge transfer
groups and prevents the charge transfer from being reversed until the field is removed and the groups
can shift to its normal conformation[122]. Similar to the carbazole, oxadiazole based system was
also shown to work as memory in a polymer brush device[120, 123]

1.2.5

Redox
This method of resistive switching can be observed in biologically based memristors including

one of the earlier examples of multiple conductivity states observed from organic materials, silk[13,
124, 125]. Along with being optically clear, this biological based memristor showed a pinched
hysteresis loop when examining the current (I) voltage (V) characteristics which would later be
used as a defining feature of a true memristor[126]. This was found to be caused by the formation
and rupture of filaments (Figure 1.13) corresponding to the oxidation and reduction of the silk
fibroin thin film which was studied through cyclic voltammetry with the oxidation state showing
lower conductivity than the reduced state[13]. Silk would continue to be researched for use in flexible
devices and its biological properties allowing for the formation of a water soluble device[124, 125, 127].
This property was not exclusive to the silkworm’s silk as spider silk can also undergo conductivity
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switching, but it is due to the electrolytic migration of silver atoms and clusters into the insulative
silk layer rather than through a redox reaction[128]. Other silkworm proteins such as silkworm
hemolymph would also be shown to have memristive properties[129]. This system was also shown
to switch due to the creation and destruction of conductive filaments caused by the migration
of oxygen ions and the oxidation and reduction of of metal cations in the hemolymph film[129].
Another important advantage for the use of hemolymph protein over silk is that hemolymph is
obtained directly from the silk worm during the larva stage of its life cycle without the need for
extra synthesis or purification steps typically required for the preparation of a silk based device[129].
Other systems undergoing redox reactions also showed important characteristics for synaptic
modeling. One such system presented is an organic terpyridyl-iron polymer that is capable of learning behavior such as spike-timing-dependent plasticity and spike-rate-dependent plasticity using a
structure of Ta/viologen diperchlorate [EV(ClO4 )2 ] + poly(ethylene oxide) (PEO)/terpyridyl-iron
polymer (TPy-Fe)/ITO[130]. The TPy-Pe and EV(ClO4 )2 are capable of undergoing reversible redox
reactions that alter the conductivity of the system[130]. Another redox based device demonstrated
a flexible device with utilizing ethyl viologen diperchlorate [EV(ClO4 )2 ]/triphenylamine-based polyimide (TPA-PI) [131]. The triphenylamine units in TPA-PI undergo a redox behavior with the
EV(ClO4 )2 to act as a site for the counter-reaction[131]. This device shows multiple synaptic properties including Hebbian learning rule when examining STDP and the ability to relearn faster than
the initial learning phase[131].
Bistable devices that exhibited random-access memory applications were also demonstrated
using an organic hybrid from a ruthenium complex utilizing different charge transfer ligands[132].
This is likely due to the ruthenium complex’s ability to act as a strong electron accepting material
which means that the complex can accept an electron (reduction) to increase its charge carrier
transport when a negative bias is applied to the ITO/active layer/Al device[132]. Subsequently, a
positive bias can remove the electron (oxidation) which can reduce the charge carrier transport to
original levels[132]. These changes to the conductivity state were shown to also shown to be stable
for hours with no application of current[132].
Redox based systems have also been shown to have properties that can make them very competitive including nanosecond scale switching time[25]. These devices exhibited excellent switching
properties with endurance of approximately 1012 cycles and stability of > 106 s in a device that was
shown to be scalable to an approximately 60 nm2 footprint[25]. This device is based off an active
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material of mer -[Ru(L)3 ](PF6 )2 along with the incorporation of Au nanoparticles at the ITO/active
layer interface[25]. The system functions due to a combination of molecular redox processes due to
the redox-active azo-centres as well as counter ion mobility[25].
Similar to the concept of multiple trap states allowing for ternary devices, multiple redox
reactions can allow for ternary devices as well[133]. Using a polyoxometalate (POM) hybrid polymer
with PMMA, a ternary device was created with an architecture of ITO/PMMA-MAPOM/Pt[133].
The multi-redox states of manganese centres in the polyoxoainion are credited for the resistivity
change[133]. When an electical bias is applied, the gain/loss of electrons change the charge state of
the polyoxoanion and the conductivity of the material[133].
An electrochemical neuromorphic organic device (ENODe) (Figure 1.14) was also created
using organic redox reactions that function similarly to other redox based memristors[14]. An
ENODe does not function like a traditional memristor, but it’s resistivity altering mechanism can
be considered similar to that of a concentration battery[14]. It operates through the control of the
conductivity of an organic mixed ionic/electronic conductor where the charge in the electrodes can
be read without alteration of the device[14]. It can be controlled such that the devices state does not
change until it undergoes a ’write’ operation[14]. A device utilizing PEDOT:PSS/poly(ethylenimine)
(PEI) as the postsynaptic electrode seperated from a presynaptic electrode of PEDOT:PSS by an
electrolyte can be used to demonstrate this type of device[14]. Upon the application of current, ions
can flow through the electrolyte influencing a redox reaction at the PEDOT:PSS/PEI changing the
conductivity and allowing to operate as a flexibly synaptic device[14].

1.2.6

Other Mechanisms
Of course not all devices operate within these previously described mechanisms. Instead,

they utilize more unique mechanisms or even a combination of mechanisms to achieve their device
properties. Another biolgical based system that has demonstrated the ability to be used as a restive
switching devices is the unicellular slime mold Physarum polycephalum[37, 134, 135, 136]. This
slime mold demonstrated a hysteric electrical response, but utilized it in a transistor rather than a
memristor[37]. Others utilized the slime as memristors, but they could not use a standard device
architecture with the slime[134, 136]. These devices are created by encouraging growth in the
slime using food sources such as an oat flake which causes the plasmodium to form a network of
protoplasmic tubes to connect the food sources[134]. Electrodes placed under the food sources allow
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for the electrical testing, and these materials demonstrate hysteric curves at low voltages[134, 136].
Further study also showed that once a tube had been abandoned by the slime, it would no longer show
a hysteric response as the slime would look elsewhere for a food source[134]. It was concluded that
the electrical responce was due to the living protoplasm present in the tube so long as a food source
was present[134]. This method was improved upon by creating a 3D printed structure that would
allow for the growth and testing of slime mold memristors[136]. This method improved consistency
for I-V measurements, decreased growth time, increased lifetime, standardized component response
and create a protected envirnment for the slime mold[136]. Adamatzky examined the the use of
these slime molds for A heterotic, or hybrid, computation system that can use different inputs such
as chemical, mechanical, and optical stimuli[135].
Ionic-liquid(1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]))/water mixture
in a conical nanochannel was found to work as a biologically inspired nanofluidic memristor[137].
These tests showed hysteric response when tested against a number of conical nanochannels with
tip sized of 6, 20, and 63 nm where the tip size was critical to the hysteresis loop[137]. The larger
tip sizes show improved ON/OFF current ratios increasing the size of the hysteretic loop likely due
to the large size of the [BMIM]+ ions used in this test[137].
Utilizing dipole realignment at the interface of the electrode and active material allowed
for the creation of a memristor that utilized a small molecule composed of discotic semiconducting
carbonyl-bridged triarylamine core surrounded by three dipolar amide groups[138]. This material
undergoes self-assembly into hexagonal columns through π-stacking and hydrogen bonding[138].
This material does need appropriate electrodes to function as the use of two Al electrodes saw rather
poor results, but the use of an Al/active layer/Au architecture saw greatly improved properties[138].
This is likely because the switching mechanism is highly dependent on the interface between the
active layer and the electrode where dipole realignment alters the charge injection barrier and causes
the reversible switching phenomenon[138].
Other systems use a combination of different mechanisms to form resistive switching materials. Macroscopic wires from vapor deposited PEDOT doped with tosylate (Tos) using a nonionic
triblock copolymer (poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol) (PEG-PPGPEG)) as a molecular template showed bistability where the wire has increased conductivity after
reaching a critical voltage of +- 1 V and will drop to the low conductivity state after approximately
30 minutes of rest[139]. This property was attributed to reordering in the PEDOT:Tos or an elec32

trochemical reaction occurring with the water in the air[139]. These wires had similar mechanical
properties to Nylon-6 or PMMA with conductivity measurements taken before and after stretching of approximately (4.2 x 104 S/m)[139]. A memristor that was able to demonstrate synaptic
properties but utilized resistance switching from both optical and electrical excitation has also been
demonstrated[140]. To create these devices, they formed an active layer using a combination of vertically aligned ZnO nanorods in conjunction with a photoactive azobenzene polymer poly(disperse
red 1 acrylate)[140]. While the resistance switching from the application of an applied voltage is
due to the presence of trap sites in the material, the optical switching is due to the conformational
change of the light sensitive polymer causing the thickness of the film to modulate[140]. This device
demonstrated Hebbian learning rule through the application of light pulses altering the conductivity
of the device[140].
Organic-Inorganic halides perovskite based devices have begun to make a large push in
recent years[141, 142, 143, 144, 145]. The resistivity switching mechanism in the perovskite material CH3 NH3 PbI3 (MAPbI3 ) was attributed to iodine vacancy redistribution[141]. The migration and redistribution of iodine vacancies can lead to the formation and destruction of conductive
channels as the iodine ions migrate to the electrodes[141]. A similar mechanism was proposed
for other perovskite based devices[146]. By utilizing a BA2 MAn 1Pbn I3 n + 1 (BA = butylammonium, MA = methyl- ammonium) based system, a more stable device than shown in 3-dimensional
systems was demonstrated with similar compositions through higher control of the formation of
conductive filaments due to the the reduced random migration of charged defects expected in the
2-dimensional structure[146]. 2D perovskite single crystal devices for use in neuromorphic computing have also been demonstrated[142]. (PEA)2 PbBr4 single crystals were synthesized using a
modified antisolvent vapor-assisted crystallization[142]. When formed into a device with an architecture of graphene/(PEA)2 PbBr4 /Au, the Br− ions migrate to the electrodes and leave vacancies
that can form a conductive filament[142]. These device could be tested as an artificial synapse
and demonstrated comparable synaptic operation to that of biological synapses of approximately
400 fJ/spike[142]. Tunable devices through the control of the concentration of Br and I ions which
take different amounts of energy to migrate through the material provided further control[143].
Quaternary devices were realized using these materials as well as synaptic substitutes[145, 144].
While ferroelectric based systems often form memory diodes instead, these systems do show
resistive switching and the organic devices are primarily based around the ferroelectric polymer
33

poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE)[147, 148, 149, 150, 151]. However, a
read-out of the polarization change could be destructive, but this was overcome through the use of
polymer blends of PVDF-TrFE and a semiconducting polymer into phase separated networks. In this
type of system, the ferroelectric polymer phase allows for memory retention while the semiconducting
phase serves as a pathway to read out the memory in a nondestructive manor. This was demonstrated
in a two electrode system that utilized a blend of PVDF-TrFE and P3HT[147, 148]. It was found
that the polarization field of the ferroelectric phase alters the injection barrier at the semiconductorelectrode contact to control the resistivity of the device[147]. It was also found that the alteration
of the semiconducting phase with different materials of varying HOMO energies or altering the
electrode material to change the work function allowed for the tuning of the device properties[148].
Using this model, others have continued to study these systems[149, 150, 151].

1.3

Overview
Over the past decade, the research into memristors has greatly expanded, and with this

increase in attention on the memristor, the memristor has grown from a bistable device early on in
its development to being demonstrated as fluidly transitioning through a multitude of conductivity
states. With this growth, an avenue for synaptic emulation has opened up with the use of a single
component device which could one day compete with the transistor for use in computational systems.
This work seeks to build upon the current research in this field by demonstrating a device capable
of emulating synaptic plasticity using a polymeric system undergoing conformational change as well
as exploring novel methods for thin film device fabrication in batteries and diodes. The primary
focuses of this work is on 1) the design and synthesis of carbazole based polymeric systems for use
as a resistance altering material in thin film devices and 2) the characterization of these carbazole
based polymeric devices as synaptic substitutes as well as complementary work on novel thin film
device fabrication methods and 3) the fabrication of alkaline batteries utilizing biological materials
for the encapsulation of the electrolyte and 4) the production of pentecene based diodes from aqueous
solution using flexographic printing methods.
The chapters of this dissertation can be summarized as follows:
Chapter 1 offers an introduction into the work done on organic based memristors and how
these different devices behave mechanistically. Many organic based systems operate with a while
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being limited to two conductivity states, but the following work seeks to create memristors that
operate with a multitude of conductivity states. For this, materials that undergo conformational
change have been selected for further study.
Chapter 2 examines the basics of the design, synthesis, and characterization of the carbazole
based polymeric systems for the creation of reversible multistate memory devices. The carbazole
end groups have been shown to undergo conformational changes when exposed to electrical fields
allowing for the alignment and disalignment of these groups leading to a high conductivity state and
a low conductivity state respectively. Through the control of the flexibility of the carbazole group
through alterations to the length of the side chain, different switching characteristics can be observed
under AC voltage tests. This control allows for the tuning of the resistive switching properties and
can allow for the creation of a bistable device or a device with multiple conductivity states. This
work has been previously published here: 1) McFarlane, Tucker M.; Zdyrko, Bogdan; Bandera,
Yuriy; Worley, Deanna; Klep, Oleksandr; Jurča, Marek; Tonkin, Chip; Foulger, Stephen; Vilčáková,
Jarmila; Sáha, Petr and Pfleger, Jiřı́. ”Design rules for carbazole derivatized n-alkyl methacrylate
polymeric memristors.” Journal of Materials Chemistry C, 2018, 6, 2533 - 2545. Reproduced with
permission from The Royal Society of Chemistry.
Chapter 3 builds upon the results of Chapter 2 by taking the polymer capable of operating
as a reversible multistate resistivity device and testing as a synaptic substitute. To categorize the
device as a synaptic substitute, the device is tested for its LTP and LTP as well as its ability to follow
Hebbian Learning Rule. Positive bias is demonstrated to increase the conductivity of the device and
models potentiation in a synapse while a negative bias is demonstrated to decrease the conductivity
of the device and coincides depression in a synapse. Furthermore, the device also follows the Hebbian
Learning Rule when exposed to presynaptic and postsynaptic pulses with altering timing between
the pulses.
Chapter 4 demonstrates a novel processing method for the creation of reserve thin film
batteries. These alkaline batteries are prepared using stencil printing to form a low profile battery
system, but a traditional electrolyte and separator are not added to electrodes. Instead, fish eggs
treated with different salt solutions are used to encapsulate the electrolyte until an outside force acts
on the device. If an applied force is enough to burst the fish eggs, the electrolyte is then released into
the system and the battery is allowed to activate. This work has been previously published here:
3) McFarlane, Tucker M.; Shetzline, Jamie; Creager, Stephen; Huebner, Christopher; Tonkin, Chip;
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Foulger, Stephen. ”Biologically-based pressure activated thin-film battery.” Journal of Materials
Chemistry A 2017, 5, 6432-6436. Reproduced from with permission from The Royal Society of
Chemistry.
Chapter 5 exhibits the use flexographic printing as a method of high throughput fabrication
for thin film devices. For this, pentacene was synthesized and made into an aqueous dispersion
via a miniemulsion process for safe use in an open air printing press. This aqueous pentacene
solution is then used to fabricate Zener diodes using both laboratory and high throughput production
processes. The devices produced using flexographic printing were shown to properly act as Zener
diodes. This work has been previously published here: 4) Huebner, Christopher; Tonkin, Chip;
McFarlane, Tucker M.; Burdette, Mary; Bandera, Yuriy; Foulger, Stephen. ”Asymmetric electrically
conducting element printed from aqueously dispersed pentacene nanoparticles.” Colloid and Polymer
Science 2016, 294, 2013-2019. Reprinted by permission from Springer Nature Colloid and Polymer
Science.
Other work pertaining to this paper was also published here: Bandera, Yuriy; McFarlane,
Tucker M.; Burdette, Mary K.; Jurča, Marek; Klep, Oleksandr; and Foulger, Stephen H. ”Synthesis
of n-alkyl methacrylate polymers with pendant carbazole moieties and their derivatives.” Journal
of Polymer Science Part A: Polymer Chemistry 2018, DOI: 10.1002/pola.29285.
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Chapter 2

Design Rules for Carbazole
Derivatized n-Alkyl Methacrylate
Polymeric Memristors
2.1

Introduction
In 1971, the physicist Leon Chua proposed a fourth passive circuit element that linked

charge and flux called a memory resistor or “memristor”[16]. This device, which was realized with
TiO2 by Hewlett Packard in 2008, changes its conductivity based on its previous exposure to electric
currents[15]. This voltage path dependence can be exploited in a collection of circuit elements to
achieve adaptive network systems[20]. Appealing aspects of this device is that both information
retention and processing can be combined in a single device, a potentially massive advantage for

Figure 2.1: Structure of polymers studied where n = 2, 3, 4, 5, 6, 9, and 11.
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the electronic community in achieving a reduced decoder size, as well as the opportunity to mimic
synaptic behavior[21, 152].
polymer

acronym

n-alkyl

Tg (◦ C)

poly(2-(9H-carbazol-9-yl)ethyl methacrylate)
poly(3-(9H-carbazol-9-yl)propyl methacrylate)
poly(4-(9H-carbazol-9-yl)butyl methacrylate)
poly(5-(9H-carbazol-9-yl)pentyl methacrylate)
poly(6-(9H-carbazol-9-yl)hexyl methacrylate)
poly(9-(9H-carbazol-9-yl)nonyl methacrylate)
poly(11-(9H-carbazol-9-yl)undecyl methacrylate)

PEMA
PPrMA
PBMA
PPeMA
PHMA
PNMA
PUMA

2
3
4
5
6
9
11

125
111
89
62
56
24
14

Eγ,β (kJ/mol)
γ
β
681.7
104.3 351.4
30.2
339.2
26.0
346.4
36.2
273.6
40.8
192.1
36.4
196.9

Table 2.1: Glass transition temperature and dielectric spectroscopy derived activation energies of carbazole derivatized methacrylate polymers.
A majority of the memristive systems that have been demonstrated are inorganic and many
are compatible with CMOS technology[152]. As early as the late 1960’s, a number of researchers
presented the conductance switching properties of thin organic films[153, 154, 155] and since then,
organic bistable switching devices have been presented that were based on small molecules, polymers, as well composite constructs. The mechanism by which the transitions occur are under debate
and is speculated to vary for differing materials and/or device constructs. The mechanism for the
switching in organic systems has been attributed to a range of phenomena, including filamentary
conduction[156, 157, 158, 159], charge transfer[160, 161, 162], ionic conduction[163, 164], space charge
and traps[165, 166, 167, 168], as well as conformational change[169, 170, 107, 171, 36, 172]. Only recently has there been efforts to develop organic/polymeric memristors for synaptic applications[173].
A potential reason for this lack of focus on synaptic mimicry is that the majority of organic or polymer memristors exhibit a dramatic two state resistivity change that is initiated at a threshold voltage
with no reversibility.
Poly(N-viny carbazole) (PVK) is a polymer that utilizes pendant carbazole groups as the
main charge carrier and has been shown to have high hole mobility [174]. The high hole mobility
is due to the pendant carbazole groups where the proper face-to-face alignment of the carbazoles is
extremely important for efficent charge transfer. PVK has been shown to have a single conductivity
state due to the strict alignment of the carbazole groups along the backbone of the polymer[172].
However, by making changes to the flexibility of the carbazole groups through alterations of the chain
length that separates the electronically active group from the polymer backbone, the carbazole group
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can be given enough freedom to undergo conformational changes under electric fields. With this
in mind, polymers have been developed which are based on acrylates that have pendant carbazoles
and exhibit volatile and non-volatile bistablity conductance[172, 170]. One polymer employed as
memory is 2-(9H -carbazol-9-yl)ethyl methacrylate (PEMA) where conformational change of the
pendant carbazoyl groups is the proposed mechanism in the conductance bistability[172]. The
greater degree of freedom that is given to the carbazole groups in the polymer allow for the groups
to be unaligned in its base state which prevents the charge transfer that is seen in PVK. PEMA has
been shown to alter its conductivity from this low conductivity state to a high conductivity state
through conformational change that allows the carbazole groups to realign into a pattern that is
more suited for charge transfer among the groups. Once in this high conductivity state, the electron
donating carbazole groups are stabilized by the electron withdrawing ester groups, and the PEMA
does not return to its off (low conductivity state) when exposed to a reverse bias greater than the
switching voltage. This material is categorized as a write-once-read-many (WORM) device due to
its low volatility and propensity to remain in the on state when exposed to a reverse bias as well as
over large time scales. Despite PEMA’s structural similarities to PVK, PEMA is able to function as
the active component in a memory device due to the alteration of the group’s enhanced flexibility
gained from the increase of the carbazole’s linkage length to the backbone of the polymer chain. This
gives the carbazole more degrees of freedom while also lowering the glass transition of the polymer.
For the current effort, we elucidate the effect of chemical structure on the conformationallyinduced switching properties of a range of non-conjugated polymers with pendant carbazole moieties.
Specifically, the aim is to continue on the path of enhancing the pendant group flexibility on charge
transporting polymers via the synthesis of carbazole derivatized n-alkyl methacrylate polymers with
side chain lengths ranging from n=2 to n=11 and the characterization and identification of these
polymers for possible use in memory based systems. The specific goal will be to discover the design
rules for creating a polymer that exhibits a tailorable multi-state conductance appropriate for being
employed as a synaptic substitute.
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2.2
2.2.1

Results and Discussion
DC electrical response
The criterion generally attributed to memristors based on carbazole-derivatized polymers is

bistability in the DC current versus voltage, or I-V, characteristics[169, 170, 36, 172]. As discussed
earlier, one specific polymer employed as memory, poly(2-(9H -carbazol-9-yl)ethyl methacrylate)
(PEMA)[172], has been indicated to undergo field induced conformational changes that results in
resistive switching. Figure 2.2a,b presents a typical I-V response of PEMA where the polymer is
in an ITO/polymer (200 nm thickness)/aluminum device configuration. In this configuration, ITO
is tied to ground and the aluminum electrode is biased. For PEMA, its been proposed[36] that
when an applied voltage (and corresponding electric field) exceeds a threshold value, a fraction of
the carbazole groups undergo a conformational alignment, resulting in enhanced charge transport
through spatially adjacent carbazole groups either on the same or neighboring polymer chains. In
the bulk polymer, charge carriers are assumed to have a higher intra- & inter-chain mobility when
the overlapping of related orbitals is large between two adjacent carbazole[170, 36, 175, 176]. As
Figure 2.2a indicates, the initial positive-bias voltage scan is accompanied by an erratic current scan
that exhibits a turn-on at ca. +1 VDC (on-state). This turn on voltage could be induced to vary
over a finite voltage range depending on the rate in which the DC bias was applied and resulting
current was measured.
The initial current flow in the device hovered around 10−10 A, the lower resolution of the
semiconductor analyzer, up to bias of ca. +1 VDC at which point the current dramatically increased
to 10−4 A for a 6 orders of magnitude total change. The subsequent scan back from +8 VDC
to 0 VDC was relatively smooth, but once the device was cycled from 0 VDC to -8 VDC and
back to 0 VDC there was again a relatively erratic measured current. Nonetheless, as has been
previously reported[36, 172], the device is nonvolatile and could not be returned to the off-state
by the application of a reverse erasing bias of magnitude similar to or higher than the switching
voltage. The device behaves as a write-once read-many-times (WORM) electronic memory. The
charged rings, which are stabilized by the adjacent electron-withdrawing ester groups, do not return
to their unaligned state with the cessation of the electric field. Additional cycles of the device across
a ±8 VDC range resulted in a smoother I-V trace (cf. Figure 2.2b), though the device never returned
to an off-state. Figure 2.2c,d presents a typical DC I-V response of poly(9-(9H-carbazol-9-yl)nonyl
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methacrylate) (PNMA; cf. Table 2.1) with two ±8 VDC cycles. This polymer differs to PEMA by
the addition of seven more methylene groups in the linkage to the heterocyclic ring which lowers its
glass transition temperature to 24 ◦ C, which is over a 100 ◦ C decrease relative to PEMA. With this
polymer, this first cycle (cf. Figure 2.2c) exhibits a turn-on with an abrupt increase in the current
from ca. 10−10 A to to ca. 10−3 A at ca. +1 VDC that is followed by an erratic I-V response up
to +8 VDC. The subsequent voltage scans resulted in a more predictable I-V trace, similar to the
PEMA-based device, but the PNMA device always exhibited some level of scattering in the I-V
scans. The currents (and current densities) in the on-state that could be supported in the PNMA
systems were typically an order of magnitude less than the PEMA devices. In addition, unlike the
PEMA system, these devices also eventually return to the off-state after a few days of storage in the
dark. With the polymers presented in Table 2.1, the polymers with glass transitions greater than 25
◦

C (2 ≤ n-alkyl length ≤ 6) exhibited a tendency to not revert to an off-state after the polymer had

been cycled to the on-state. Only PNMA (n=9) and PUMA (n=11), with glass transitions at or
under room temperature, exhibited the ability to revert to the off-state after being turned on with
the storage of the device for a few days at room temperature.
An ideal memristor has been indicated to exhibit resistance that is dependent on the time
integral of the flux of charge and therefore does not exhibit a static DC I-V curve[126, 177]. Figure
2.2e,f presents the turn-on response of a PNMA device with the application of a 2 Hz AC sinusoidal
voltage waveform. Initially, the PNMA device does not conduct current within the specification of
the analyzer and the device looks like an open circuit. Only after three full cycles does the device
exhibit some erratic current flow. The subsequent three cycles continue to stabilize the current flow,
after which, the current begins to track the applied voltage. Clearly, as was indicated in the VDC
studies presented in Figure 2.2, there is a dependence on the applied voltage history to the device
before a relatively predictable output current is achieved.

2.2.2

Energy profile
The linkage length (n) did not strongly influence the absorption or photoluminescence (PL)

spectra of the polymers in dilute solution, suggesting that the carbazole’s energy profile is not
perturbed by the chain backbone. Figure 2.3a presents the optical absorption and PL of the polymers
(in THF) presented in Table 2.1, where the curves have been shifted for clarity. As expected, the
polymer solutions exhibit similar absorption and PL spectral characteristics, with the PL spectra
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Figure 2.2: DC-based current-voltage characteristics of PEMA (n=2) on (a) first cycle and (b) second cycle and
PNMA (n=9) on (c) first cycle and (d) second cycle. Cycle path indicated on curve with first leg (◦), second leg
(•), third leg (4), and fourth (5). Device structure was ITO(150 nm)/polymer(200 nm)/Al(200 nm) and ITO was
kept at 0 VDC while the potential on the Al electrode was swept from zero to ±8 VDC. AC-based voltage-current
characteristics of PNMA (n=9) indicating turn on-state with 5 cycles at a frequency of 2 Hz: (e) applied voltage and
(f ) measured current.

42

exhibiting peaks at ca. 350 nm and 365 nm which are attributed to unassociated carbazoles[178].
In the PL spectra, there is no evidence of singlet excimer emission at lower energies stemming from
carbazole ring dimers which are seen in solid films of the structurally similar polymer PVK as a
broad peak centered at ca. 410-420 nm[179, 175].
The similarity in spectral response between the polymers suggests that the electronic characteristics of the carbazole unit are not significantly altered by the change in the length of the
linkage attached to the ring. Excimer emission in these carbazole-based polymers requires excimer
forming geometries to exist prior to being excited or to form during the monomeric excited state
lifetime. Close proximity of the chromophores can result in the formation of an excimer between
excited and spatially adjacent ground-state chromophores typically through a mixture of exciton and
charge transfer states[180, 181]. The long linkage from the polymer backbone to the carbazole ring
offers an enhanced flexibility to the chromophore and this, coupled with the lack of a preferential
carbazole-to-carbazole ring attraction, would diminish the probability of parallel ring overlap for
excimer formation[180, 181, 178].
The lack of the backbone’s influence in the energy characteristics of the heterocyclic rings
is evident in their oxidation/reduction potential. The concept of extended state energy bands is
replaced with localized states described by the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) in an amorphous semiconducting polymer. The
electrochemical characteristics of the homopolymers derived from the monomers (cf. Table 2.1)
were investigated through cyclic voltammetry (CV) to estimate their corresponding HOMO energy
levels[182]. Table 2.2 presents the experimentally-derived HOMO/LUMO energy levels of the homopolymers. The LUMO energy levels were estimated from the HOMO values and the optical
absorption band edge since no reversible reduction process was observed for these polymers. The
polymers exhibited similar HOMO/LUMO levels with the average HOMO energy level of the polymers being 5.64±0.07 eV while the average LUMO energy was 2.13±0.07 eV. The energy difference
between the HOMO and LUMO of the polymers and the work function of the metal electrodes will
result in Schottky barriers being formed at both the Al/polymer and polymer/ITO interfaces[183].
The negative voltage sweeps with ITO as the anode, holes are injected from the ITO electrode and
electrons are injected from the Al electrode. This is coupled to the fact the energy barrier at the
ITO/polymer (HOMO level) contact is relatively low at ca. 0.8 eV, when compared to the 2.1 eV
barrier at the Al/polymer (LUMO level) contact. Initially when the device is biased at a low negative
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Figure 2.3:
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(a) UV-Vis absorbance and photoluminescence (PL) spectra for polymers presented in Table 2.1.
The UV-Vis spectra were obtained with polymer concentrations of 10 µg / mL in tetrahydrofuran (THF). The PL
spectra were obtained with polymer concentrations of 1 µg / mL in THF at an excitation wavelength of 295 nm.
Curves shifted for clarity. (b) Photoluminescence excitation (PLE) and PL spectra of PEMA as a solid film. PLE
was measured by monitoring the emission at 370 nm. PL was measured with an excitation wavelength at 345 nm.
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PEMA
PPrMA
PBMA
PPeMA
PHMA
PNMA

UV-vis
∆Eauv
3.51
3.51
3.51
3.51
3.51
3.51

cyclovoltammetry
HOMO LUMOb
5.61
2.10
5.58
2.07
5.58
2.07
5.76
2.25
5.65
2.14
5.67
2.16

Table 2.2: Electronic characteristics of polymers (cf. Table 2.1) measured by UV-vis spectroscopy and cyclovoltammetry; all energies expressed in eV and are relative to the vacuum level. a Bandgap taken from electronic absorption
band edge. b Value based on difference of measured oxidation potential (HOMO) and energy at experimentally observed electronic absorption band edge.

voltage, holes are injected at the Schottky barrier which is located near the anode and oxidizes the
carbazole groups near the interface, forming positively charged species[36, 172]. Spatially adjacent
neutral carbazole groups undergo donor-acceptor interactions with the positively charged carbazole
groups resulting in rotation of the rings into some level of overlap, leading to an accumulation of
space charge and a redistribution of the electric field[183]. The process is propagated throughout
the film and, near the turn-on voltage, a significant fraction of the carbazole groups has undergone
such a conformational change. The ordered carbazole groups, either on the same or neighboring
polymer chains, results in an enhanced charge transport via intra- or inter-chain hopping producing
the high conductivity state (on-state). Its been speculated that when the device is de-energized, the
partial positive charge localized on the carbazoles is stabilized by the electronegative oxygen in the
ester linkages when the heterocyclic ring and ester linkage are spatially close[184].
The photoluminescence characteristics of the solid homopolymers films reveal significant
differences to those of the corresponding solution-based PL spectra and are characterized by an
overall red-shift and the appearance of broad low energy emission peaks. Nonetheless, the emission
of all the polymers as solid films were relatively similar in peak position, but differed in intensities,
across all the polymers presented in Table 2.1; the photophysics of the polymers in solid films will
be the focus of subsequent studies. As an example, the emission of the PEMA film is presented
in Figure 2.3b and exhibits a peak at 368 nm with shoulders at both 352 nm & 385 nm, which
are also present in the solution-based emission spectra (cf. Figure 2.3a)[185]. In addition, the solid
PEMA film exhibits a broad shoulder centered at 500 nm that extends out past 600 nm. This latter
structureless emission is characteristic of an excimer which is speculated to be formed from varying
degrees of carbazole ring overlap[186]. In PVK, two different dimer configurations are responsible for
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excimer fluorescence. The totally eclipsed sandwich configuration leads to the low-energy emission
band (ca. 420 nm), while the partially overlapped configuration is attributed to the high-energy
band (ca. 370 nm)[187, 188, 189]. The assignment of the 500 nm emission in PEMA of Figure
2.3b is uncertain since previous efforts have indicated that excimer emission is restricted mainly to
sequences of carbazole-containing monomer units in which the carbazole group is attached directly
to the polymer backbone[190], though its reasonable to assume that the linkages to the carbazoles
could afford them enough flexibility that they could associate intra- and inter-molecularly.

Figure 2.4: Current-voltage characteristics with excitation of sinusoidal input of: (a) PEMA (n=2) at a frequency
of 20 Hz; (b) PPMA (n=3) at a frequency of 20 Hz; (c) PHMA (n=6) at a frequency of 20 Hz; (d) PNMA (n=9)
at a frequency of 5 Hz; (e) PUMA (n=11) at a frequency of 5 Hz; and (f ) PNMA (n=9) at a frequencies of 5 Hz, 20
Hz, and 25 Hz. Samples measured at 23 ◦ C.

2.2.3

AC electrical response
The I-V response of memristors has been indicated to exhibit a number of signature char-

acteristics when driven by a bipolar periodic signal such as: (1) a hysteresis loop that is pinched at
the origin; (2) the area of the hysteresis lobe is a monotonically-decreasing function of the excitation
signal frequency beyond some frequency; and (3) the I-V response tends to a single-valued function
when the excitation frequency tends to infinity[177]. The polymers studied in this effort exhibit a
number of these characteristics.
Figure 2.4a presents the AC response of PEMA (n=2) under a sinusoidal driving voltage at
a frequency of 20 Hz. The first 10 full cycles across the device are presented and, specifically, the
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Figure 2.5: (a) Capacitance and (b) tan δ response of poly(6-(9H-carbazol-9-yl)hexyl methacrylate) (n=6). (c)
Tan δ of poly(9-(9H-carbazol-9-yl)nonyl methacrylate) (n=9) at frequencies of 1E6 Hz, 3.61E5 Hz, 1.3E5 Hz, 4.71E4
Hz, 1.7E4 Hz, 6.14E3 Hz, 2.22E3 Hz, 8.0E2 Hz, 289 Hz, 104 Hz, 37 Hz,J
13.6 Hz, 4.92 Hz, and 1.78 Hz (1E6Hz and
1.78 Hz labeled). (d) Activation energy of γ and β transition for: n=11
, n=9 •, n=6 4, n=5 5, n=4 ⊕, n=3 ,
and n=2 ×.

1st and 10th cycle are labeled. In addition, the four regions of a full cycle are labeled 1 through
4. On the first cycle, the current flow in the device on the 1st leg (cf. arrow labeled 1) is below
the resolution of the analyzer up to ca. 3 VAC at which point the current spikes to 38 µA (leg
2), suggesting a turn-on similar to what is seen in the DC I-V curves of the polymer (cf. Figure
2.2). The pinched hysteresis loop of a memristor is indicated to be a piecewise- smooth function,
with an abrupt “jump transition” whenever the memristance changes suddenly[191]. Subsequent
cycles begin to retrace a curve that appears to indicate that after the device is turned on to a more
conductive state (leg 2) but as the voltage passes zero and goes into the 3rd leg, the device again
acts as an insulator until about -3 VAC where again the current spikes and the device passes into
a conductive state (leg 4). The initial “sawtooth” shape of PEMA converts to a smoother shape as
the number of cycles that the device is exposed to increases.
Increasing the linkage length of PEMA by one methylene group results in the polymer
PPMA (n=3; Table 2.1) and Figure 2.4b indicates that this polymer’s I-V response is similar to
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PEMA although the dramatic “turn-on” sections of the curves are less abrupt. Unlike PEMA, there
is measurable current flow in the 1st and 3rd leg of the cycle. The AC I-V curves of additional
polymers in Table 2.1 indicate that as the side chain of the polymer being studied is increased, the
shape of the corresponding I-V curve continues to get “smoother” along all 4 of its legs, i.e. the
device does not exhibit the abrupt changes in resistance seen in PEMA. For example, Figure 2.4c
presents PHMA where the side chain is 6 methylene spacers long, Figure 2.4d presents PNMA where
the side chain is 9 methylene spacers long, and Figure 2.4e presents PUMA where the side chain is
11 methylene spacers long. These latter curves were obtained after the devices had been turned on
to the more conductive state as depicted in Figure 2.2. The tendency of the polymers to exhibit
I-V curves that were smooth and exhibited minimal current jump transitions seemed to scale with a
lower glass transition of the polymer under study (cf. Table 2.1). For example, PNMA and PUMA
are the only two polymers in this study that exhibit glass transitions that are at or lower than room
temperature, 24 ◦ C and 14 ◦ C respectively, and their I-V hysteresis loop were smooth functions (cf.
Figure 2.4d,e). At room temperature, these latter two polymers should be especially mobile and one
can assume that conformational reorientations would be quite permissible under a varying electric
field. The currents supported by the devices generally increased with the polymer’s decreasing glass
transition (or increasing linkage length). The peak to peak voltages applied across the devices was
based on a voltage divider where the memristor was one leg. A standard resistor was matched to
the memristor device so that a clear signal could be seen at a low voltage prior to the memristor’s
turn-on.
Figure 2.4f presents a section of the I-V hysteresis loop of PNMA at three frequencies after
a number of waveforms have passed through the device. As the frequencies are increased from 5
Hz to 25 Hz, the lobes of the hysteresis loop decrease in the enclosed area, approaching a linearlike response at the highest frequency. As indicated earlier, the molecular mobility of the pendant
carbazoyl groups permits “islands” of electronic delocalization to spatially readjust under an electric
field to allow charge tunneling or transport between islands. This conformational flexibility will
exhibit a temperature and frequency dependance and its not difficult to imagine that there may
be a specific temperature/frequency window where the carbazole’s rotation could follow the forcing
electric field giving rise to a frequency dependent hysteresis loop such as Figure 2.4f. Increasing the
driving voltage to frequencies up to 1 kHz eventually resulted in the I-V hysteresis appearing as
an ellipsoid (figure not presented), as would be expected from a capacitance dominated response.
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At these high frequencies, the polymer motions are subdued at the testing temperatures and the
polymer is capacitive. A direct way of assessing this temperature/frequency response is through
dielectric spectroscopy.

2.2.4

Dielectric spectroscopy
Based on the structure of the polymers, one would expect that the polymers of Table 2.1

would have dielectric properties similar to previously studied n-alkyl methacrylate polymers, of which
poly(methyl methacrylate) (PMMA) is the most well known, with obvious perturbations from the
pendant dipolar N-heterocyclic ring. Figure 2.5a,b presents the 3-dimensional plot of the capacitance
and tan δ response of poly(6-(9H-carbazol-9-yl)hexyl methacrylate) (PHMA) between -150 ◦ C and
120 ◦ C and at frequencies from 1 Hz up to 1x106 Hz. This polymer exhibits a dielectric response
that is similar in the major features with all the polymers presented in this study. Specifically there
is a low temperature relaxation between -150 ◦ C and -70 ◦ C (at the frequencies studied) that is
indicated by a small peak in the tan δ response and a small increase in capacitance. A second
transition occurs between 10 ◦ C and 80 ◦ C that results in significant peak in the tan δ and a
large increase in capacitance. Previous studies on PMMA have indicated that the low temperature
relaxation (γ transition) is associated with rotations of the alkyl group which can relax independently
of the oxycarbonyl group and the main chain while the higher temperature relaxation (β transition)
has been attributed to hindered rotations of the –COOCH3 about the C–C bond which links it to the
main chain. A number of researchers have indicated that there is an additional high temperature
relaxation (α transition) in n-alkyl methacrylate polymers that merges with the β transition at
higher temperatures and/or when the side chain becomes longer[192]; none of the polymers in this
study had an observable α transition that was separate from the β transition.
Figure 2.5c presents the variation of tan δ for PNMA (n=9) with temperature and frequency
where the γ and β transitions have been labeled. As indicated earlier, all the polymers presented in
Table 2.1 exhibited a dielectric response that was similar in the number of relaxations but differed
in their temperature placement and activation energies. The apparent activation energies were
calculated from the slope of the log fmax versus 1/T plot, where fmax is the frequency at the
maximum in 00 . Figure 2.5d presents the Arrhenius plot for both transitions for all the polymers
presented in Table 2.1.
The γ transition is a thermally activated relaxation and was linear in a log fmax -1/T plot
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and exhibited an activation energy of ca. 13 - 18 kJ/mol for polymers with a n-alkyl chain with n≥
4, while PPrMA (n=3) exhibited a value of ca. 45 kJ/mol and it was not possible to discern the
temperature dependance of PEMA (n=2) due to a weak tan δ profile for this polymer. This latter
value (PPrMA) is similar to previous studies on structurally similar methacrylate polymers with
side chains which contained a dipolar unit; dielectric studies on poly(2-hydroxyethyl methacrylate)
gave an activation energy of 38 kJ/mol[193].
The β transition has also been determined to be a thermally activated relaxation, though
surprisingly, this transition exhibited curvature in its Arrenhius plot (cf. Figure 2.5d). As indicated
earlier, the relaxation is attributed to hindered rotations of the ester group about the C–C bond
which links it to the main chain. The β transition and α transition, which is assigned to large scale
chain conformational reorganizations and is a cooperative motion, are know to merge at defined
temperature/frequency domain for some poly(n-alkyl methacrylate)s and may be the source of the
curvature of the β transition in Figure 2.5d[194, 195]. For the β transition, Table 2.1 indicates that
as the side chain becomes longer, the activation energy for this transition is diminished, going from
296 kJ/mol for n=2 to ca. 85 kJ/mol for n=9,11. This latter activation energy is similar to previous
studies[196, 197] on a number of poly(n-alkyl methacrylate)s which indicated that the β transition
exhibited an activation energy of ca. 80 kJ/mol[198].
Through the measured dielectric spectroscopy of the polymers, one can formulate a mechanism for the polymer’s AC response (cf. Figure 2.4). The maximum in tan δ for the β transition at
the lowest measured frequencies scaled closely to the differential scanning calorimetry (DSC) derived
glass transition (cf. Table 2.1) of the polymers. For example, with PNMA and PUMA, the DSC
derived glass temperatures are 24 ◦ C and 14 ◦ C, respectively, which is near the maximum in the
tan δ curves when both polymers where measured at ca. 0.1 Hz. When these latter two polymers
where configured into a sandwich devices and their AC responses were measured (cf. Figure 2.4d,e)
at frequencies under 100 Hz (and at a device testing temperature of 23 ◦ C), the dipoles that contribute to the permittivity are able to couple to the excitation voltage. Increasing the excitation
frequencies effective shifts the tan δ curve of the polymer to higher temperatures. For PNMA and
PUMA, at frequencies above 1 kHz the tan δ curve has shifted past 23 ◦ C and one would assume
that the majority of orientational dependent dipoles in the polymer, i.e. carbazoles, would not be
able to couple to the oscillation electric field. This will result in an increase in the bulk resistance
and the hysteresis loop will be dominated by a capacitive response.
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As indicated in Figure 2.4, as the n-alkyl length is increased, the tendency of the polymer
to exhibit an abrupt “jump transition” in its pinched hysteresis loop whenever the memristance
changes suddenly is reduced. We speculate, this tendency is due to the carbazoles propensity for
rotational mobility at the testing temperature and frequency. For polymers with n<9, the rotation
of the carbazole ring is relatively improbable at 23 ◦ C (the testing temperature for Figure 2.4) and
only when sufficient number of rings are aligned does a percolation threshold get reached and there
is “jump transition” in its pinched hysteresis loop, indicative of bistability. The resulting hysteresis
loop has a saw-tooth appearance and the currents that are supported in the devices are relatively
small (<100 µA). In contrast, with polymers with n≥9, the carbazoles are highly mobile at 23 ◦ C
and track with the driving electric field. The result is a pinched hysteresis loop that is smooth in
appearance and currents that are supported in the devices that are tenfold higher (>1000 µA) than
bistable devices.

2.2.5

Pendent group modification
Further characterization of these systems took place through the structural modification of

the pendent carbazole groups size as well as the addition of oxygen to the side chain to examine
the effects on thermal, florescent, and dielectric properties. These derivations can be seen in Figure
2.6 where additional phenyl groups have been added to PEMA, PNMA, and PUMA. A group of
polymers have also been synthesized with oxygen linkages in the side chain which has also been
modified with different phenyl groups. The Tg as well as the γ and β activation energies of these
systems can be found in Table 2.3.
The same trends are observed with respect to the length of the side chain with respect to
Tg . However, the addition of the bulky phenyl groups have different effects on the Tg depending on
the length of the side chain. With a longer side chain, the low flexibility phenyl groups raise the Tg
as expected, but the Tg of the short side chain polymers actually decrease with the addition of the
bulky groups. In these shorter side chains, the additional free volume added by the bulky groups
dominate over the decrease in flexibility leading to a lower Tg .
When examining the activation energies of the γ transition, they all fall into a similar
range that was exhibited by the previously examined n-alkyl methacrylate polymers and the PEMA
derivatives not having a measurable transition. The β transition exhibited some deviations from the
previously described n-alkyl methacrylate polymers as the Tg and the β transition did not correlate
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Figure 2.6: Polymers labeled numerically and sorted via the size of the pendant group and the length of the side
chain.

as well. This can be observed with the differences in polymer 10 and polymer 9. Despite polymer
10 having a lower Tg , it also had a higher β transition activation energy due to the addition of the
bulky side group.

2.3

Conclusion.
The AC/DC electrical response of a number n-alkyl methacrylate polymers with a pendant

carbazole ring were studied. The electrical properties of the polymers were studied as a function
n-alkyl length, with n ranging from 2 to 11. The DC I-V response of the polymers was characterized
by an erratic & bistable response while their AC I-V response was a pinched hysteresis loop when
measured between 1 Hz and a few hundred Hz. For polymers with n<9, their pinched hysteresis
loop was characterized by “jump transitions” indicative of bistability, while polymers with n≥9 had
a pinched hysteresis loop that was smooth in appearance and current values that were an order of
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polymer number

Tg (◦ C)

6
9
10
11
12
13
14
15
16
17
18
19

46
117
92
104
86
80
83
74
74
95
49
61

Eγ,β (kJ/mol)
γ
β
32.2
270.8
364.8
406.9
30.9
279.8
31.8
380.5
31.6
278.2
35.7
297.5
43.5
276.1
35.7
310.0
41.2
233.5
37.1
185.4

Table 2.3: Glass transition temperature and dielectric spectroscopy derived activation energies of carbazole derivatized methacrylate polymers.
magnitude higher at lower driving voltages than polymers with n<9. Charge carriers are assumed to
have a higher intra- & inter-chain mobility when the overlapping of related orbitals is large between
two adjacent carbazoles[175, 176]. Achieving this overlap is directly related to the local electric field
that the moieties experience that force them to adopt an overlapping conformation, as well as their
rotation activation energy. Dielectric spectroscopy indicates that as the n-alkyl length is increased,
the rotation flexibility of the carbazole moiety is enhanced, with the activation energy dropping from
296 kJ/mol for n=2 to 85 kJ/mol for n=11.
Most approaches to building polymeric memristors focus on converting an intrinsically insulating polymer to a conducting one by achieving a transition through a percolation threshold. The
resulting device exhibits binary two state resistivity changes that are not appropriate for a synaptic
substitute where analog changes in resistivity are required. To achieve an analog response, one can
imagine focusing not on the percolation threshold region but in the region post-percolation were a
scaling relationship to conductivty holds. The n-alkyl methacrylate polymers with a pendant carbazole ring spaced n≥9 exhibited a lower activation energy and temperature for the onset of ring
motion and results in polymer-based memristors that exhibit AC characteristics that are potential
candidates for mimicking synaptic plasticity.
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2.4
2.4.1

Experimental.
Reagents and solvents.
Commercial reagents were purchased and were used without further purification. All the

solvents were dried according to standard methods. Deionized water was obtained from a Nanopure
System and exhibited a resistivity of ca. 1018 Ohm−1 cm−1 .

2.4.2

Device Fabrication
The devices were fabricated on unpolished float glass measuring 12.7 mm x 12.7 mm x 0.7

mm with one side passivated with SiO2 and coated in ITO with a sheet resistance of 8-12 Ω. The
ITO anode was masked with a piece of vinyl tape with a width of 4 mm in the center of the slide for
the full length (12.7 mm). The uncovered ITO was then etched away using the following metal-acid
reaction: zinc powder (Fisher Scientific) was used to create a thin layer of zinc on the ITO then
highly concentrated HCL (36.5 % to 38 %) (VWR) was poured over the top of the zinc coated ITO
anode in a glass container. The slides were then washed with deionized (DI) water. The tape was
removed from the sample and they were rinsed with DI water again. The sample was further cleaned
by immersing the slide in acetone and sonicating for 10 minutes. The sample was then wiped with a
non-sterile cotton tip swab (Fisher Scientific) before the sample was immersed in isopropyl alcohol
and sonicated for 10 minutes. The sample was dried under nitrogen, loaded into a Harrick plasma
cleaner/sterilizer PDC-32G, and run on the high setting for 5 minutes to remove any excess organics
as well as enhance the wettability of the surface for better results when spin coating the polymer
layer. The desired polymer was dropped onto the anode from a solution of chlorobenzene (Acros)
at a concentration of 5 mg/mL and spun at 2000 rpm in a Specialty Coating Systems Spincoat
G3P-8. The samples were then placed into a Denton Vacuum DV-502A evaporation chamber with
an aluminum pellet (Kurt J. Lesker 1/4 in diameter x 1/2 in length) in a tungsten basket heater
coil (Kurt J. Lesker). The samples were loaded into a mask that allows for the deposition of two
aluminum strips that are perpendicular to the ITO strip such that there will be two devices per
sample, each having and area of 4 mm2 . The chamber was then left under roughing vacuum over
night. After the pressure has stabilized, the roughing valve was closed and an Alcatel 5100 Turbo
Pump was used to get the chamber to the desired pressure to evaporate the aluminum (2 x 10−6
torr). The aluminum was then evaporated by supplying 35-40 amps to the tungsten basket until the
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thickness of the electrode was approximately 200 nm as measured by a Sigma Instruments SQM-160
rate/thickness monitor. The chamber was then vented with nitrogen and the devices were removed
for testing.

2.4.3

Characterization.
Chemical Analysis
1

H and

13

C NMR spectra were recorded on JEOL ECX 300 spectrometers (300 MHz for

proton and 76 MHz for carbon). Chemical shifts for protons are reported in parts per million
downfield from tetramethylsilane and are referenced to residual protium in the NMR solvent (CDCl3 :
δ 7.26 ppm, DMSO-d6: δ 2.50 ppm). Chemical shifts for carbons are reported in parts per million
downfield from tetramethylsilane and are referenced to the carbon resonances of the solvent (CDCl3 :
δ 77.16, DMSO-d6: δ 39.52 ppm). Molecular weight measurements were taken by Waters gel
permeation chromatography (GPC) system at concentrations of 2.5 mg/mL in chloroform.
Optical Analysis
Photoluminescence (PL) spectra measurements were collected using a Jobin-Yvon Fluorolog
3-222 Tau spectrometer at concentrations of 1 µg / mL in THF. Each sample was excited with a 295
nm wavelength. Absorbance measurements were taken on PerkinElmer Lambda 950 spectrometer
at concentrations of 10 µg / mL in THF using match quartz cuvettes.
Thermal Analysis
Decomposition temperatures were measured on a Hi-Res TGA 2950 Thermogravimetric
Analyzer. A small amount of the polymer weighing between 5 mg and 20 mg was loaded into the
weighing pan. The sample was then heated at 10 ◦ C per minute to 600 ◦ C under a nitrogen purge of
ca. 35 to 50 mL/min. The decomposition temperature was taken as the intersection between two lines
made using the initial slope of the curve and the slope of the curve where decomposition is observed.
All the polymers exhibited a similar decomposition temperature of ca. 354 ◦ C. Differential scanning
calorimetry (DSC) measurements were taken on a TA Discovery Series DSC under a nitrogen purge
of 50 mL/min. Using an Orion Cahn C-33 microbalance (Thermo Scientific), 2 - 3 mg of the polymer
is loaded into an aluminum pan (TA Instruments). The sample was place in the DSC and run using a
heat/cool/heat cycle. The polymer was heated from 40 ◦ C to the upper temperature as determined
by TGA at 10 ◦ C per minute. The polymer was then cooled at 5 ◦ C per minute to -80 ◦ C. The
polymer was then heated at 10 ◦ C per minute to the upper limit, and the glass transition was
55

measured from using the half-height of the curve.
Electrical Analysis
After the material was fabricated into a two-terminal device, it was tested using both DC and
AC testing setups. The DC testing was done on a Hewlett Packard 4156A precision semiconductor
parameter analyzer. For this test, the bias was applied to the aluminum electrode, and the ITO
was kept at a constant 0 V. The testing procedure used a program that instructs the instrument
to run four sets of voltage sweeps for each test. The sweeps were as follows: zero to the upper
limit, upper limit to zero, zero to the lower limit, and lower limit to zero. The AC tests were
performed on a custom setup that utilizes an Agilent 33120A 15 MHz function/arbitrary waveform
generator to generate the signal and a National Instruments PCI-6013 data acquisition (DAQ) board
to measure the output signals. A breadboard was constructed such that the memristor was in series
with a resistor as a traditional voltage divider and could be easy changed using alligator clamps.
The signal was run through the memristor and standard resistor, and the voltage drop across the
standard resistor is measured and compared to the input signal both of which run to the DAQ
board. The signal is intially fed into the aluminum electrode of the memristor and travels through
the standard resistor which is also tied to ground.
Dielectric Spectroscopy
Dielectric spectroscopy was performed on a Novocontrol Broadband Dielectric / Impedance
Alpha-A Quatro Series Spectrometer. Samples were sandwiched between an upper and lower electrode that was 20 mm in diameter. The procedure was to place the polymer as a powder between
the electrodes under a slight load, place the assembly into the spectrometer, and heat the sample up
past its glass transition; this resulted in a film thickness of ca. 100 - 200 µm. The sample then was
cooled to -150 ◦ C and equilibrated for 3 min. The sample was then heated at a rate of 2-3 ◦ C/min
under a nitrogen purge, while being exposed to an AC 1-Volt signal that varied from 0.001 Hz to
1x106 Hz.
Cyclic Voltammetry
The electrochemical characteristics of the materials were investigated through cyclovoltammetry (CV) to estimate their corresponding HOMO energy levels. This was performed by using
an ITO-coated glass slide as the working electrode which had a thin film of the polymer of interest
deposited on it, an Ag/AgCl reference electrode, and a platinum wire as a counter electrode. CV
measurements were conducted in a 0.1 M LiClO4 acetonitrile solution at room temperature with a
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scan rate of 50 mV/s; the electrochemical cell was calibrated against ferrocene and the half-wave potential was estimated to be 415 mV against an Ag/AgCl reference. The LUMO energies were based
on the difference of the measured oxidation potential (HOMO) and the energy at the experimentally
observed electronic absorption band edge.

2.4.4

Synthesis
Poly[2-(9H-carbazol-9-yl)ethyl methyacrylate] (PEMA) was synthesized through a

previously reported method[12].

Figure 2.7: Synthetic for the synthesis of carbazole based polymers with differing side chain lengths.

Preparation of 2-(3-chloropropoxy)tetrahydro-2H-pyran (1a)
3-Chloro-1-propanol (10 g, 106 mmol) and p-toluenesulfonic acid monohydrate (20 mg, 0.11
mmol) were dissolved in dichloromethane (60 ml). Dihydropyran (9.4 g, 110 mmol) was added
dropwise slowly to the stirred solution. The reaction is exothermic and heats up to 40 ◦ C, boiling
temperature. After cooling, the solution was stirred at room temperature for 2 h, solvent was
evaporated under reduced pressure. The product was clear oil with yield 18.9 g (99 %). 1 H NMR
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(CDCl3 , δ): 4.60 (m, J = 2.8 Hz, J = 4.5 Hz, 1H), 3.88 (m, J = 6 Hz, 2H), 3.67 (t, J = 6.9 Hz,
2H), 3.53 (m, J = 6 Hz, 2H), 2.05 (m, J = 6 Hz, 2H), 1.7-1.87 (m, 2H), 1.63-1.50 (m, 4H).
The remaining synthesis for 1b - 1f was done in an analogous process except for the substitution of 3-Chloro-1-propanol to adjust the length of the carbon chain binding the carbazole to the
polymer backbone.
2-(4-chlorobutoxy)tetrahydro-2H-pyran (1b)
4-Chloro-1-butanol has been substituted for 3-Chloro-1-propanol from the previously described synthesis. The product was clear oil with yield 99 %. 1 H NMR (CDCl3 , δ): 4.57 (m, J =
2.8 Hz, J = 4.5 Hz, 1H), 3.88-3.73 (m, 2H), 3.58 (t, J = 6.9 Hz, 2H), 3.54-3.38 (m, 2H), 1.90-1.67
(m, 6H), 1.60-1.45 (m, 4H).
2-[(5-chloropentyl)oxy]tetrahydro-2H-pyran (1c)
5-Chloro-1-pentanol has been substituted for 3-Chloro-1-propanol from the previously described synthesis. The product was clear oil with yield 99 %. 1 H NMR (CDCl3 , δ): 4.57 (m, J =
2.8 Hz, J = 4.5 Hz, 1H), 3.86 (m, 1H), 3.77 (m, 1H), 3.54 (t, J = 6.9 Hz, 2H), 3.49 (m, 1H), 3.39
(m, 1H), 1.86-1.49 (m, 12H).
2-[(6-chlorohexyl)oxy]tetrahydro-2H-pyran (1d)
6-Chloro-1-hexanol has been substituted for 3-Chloro-1-propanol from the previously described synthesis. The product was clear oil with a yield of 99 %. 1 H NMR (CDCl3 , δ): 4.55 (m, J
= 2.8 Hz, J = 4.5 Hz, 1H), 3.84 (m, 1H), 3.72 (m, J = 6.2 Hz, 1H), 3.51 (t, J = 6.9 Hz, 2H), 3.48
(m, 1H), 3.36 (m, J = 6.2 Hz, 1H), 1.80-1.34 (m, 14H).
2-[(9-bromononyl)oxy]tetrahydro-2H-pyran (1e)
9-Bromo-1-nonanol has been substituted for 3-Chloro-1-propanol from the previously described synthesis. The product was clear oil with a yield of 99 %. 1 H NMR (CDCl3 , δ): 4.57 (m, J
= 2.8 Hz, J = 4.5 Hz, 1H), 3.86 (m, 1H), 3.71 (m, J = 6.9 Hz, 1H), 3.49 (m, 1H), 3.40 (t, J = 6.9
Hz, 2H), 3.35 (m, 1H), 1.84 (m, 2H), 1.56 (m, 6H), 1.45-1.30 (m, 12H).
2-((11-bromoundecyl)oxy)tetrahydro-2H-pyran (1f )
11-Bromo-1-undecanol has been substituted for 3-Chloro-1-propanol from the previously
described synthesis. Yield 100 % clear oil.

1

H NMR (CDCl3 , δ): 4.57 (m, J = 4.5 Hz, 1H), 3.86

(m, J = 4.5 Hz, 1H), 3.71 (m, J = 6.9 Hz, 1H), 3.49 (m, 1H), 3.40 (m, J = 6.9 Hz, 3H), 1.84 (m,
2H), 1.56 (m, 8H), 1.45-1.30 (m, 14H).
Preparation of 9-[3-(tetrahydro-2H-pyran-2-yloxy)propyl]-9H-carbazole (2a)
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Carbazole (1 g, 5.98 mmol) was dissolved in dry DMF (15 ml). Then, sodium hydride (60
%) (0.26 g, 6.5 mmol) was added into solution under nitrogen. The mixture was stirred at room
temperature for 15 minutes, and 2-(3-chloropropoxy)tetrahydro-2H-pyran (1.17 g, 6.5 mmol) was
added. The obtained mixture was stirred for 4 h and heated to 70 ◦ C. After cooling, the mixture was
quenched with cold water and extracted with dichloromethane. The organic solution was separated,
washed with water three times, dried with Na2 SO4 ,filtered, and evaporated. The crude product,
clear oil which contains about 10 % DMF, was used in the next step without further purification.
1

H NMR (CDCl3 , δ): 8.09 (d, J = 7.9 Hz, 2H), 7.45 (m, J = 4.4 Hz, 4H), 7.22 (m, J = 4.4 Hz,

J = 7.9 Hz, 2H), 4.52-4.36 (m, 3H), 3.87-3.76 (m, 2H), 3.47 (m, 1H), 3.30 (m, 1H), 2.16 (m, 2H),
1.92-1.55 (m, 6H).
The remaining synthesis for 2b - 2f was done in an analogous process.
9-[4-(tetrahydro-2H-pyran-2-yloxy)butyl]-9H-carbazole (2b)
The product was clear oil. 1 H NMR (CDCl3 , δ): 8.10 (d, J = 7.9 Hz, 2H), 7.44 (m, 4H),
7.23 (m, J = 1.4 Hz, J = 7.9 Hz, 2H), 4.54 (m, J = 2.8 Hz, J = 4.2 Hz, 1H), 4.37 (t, J = 7.2 Hz,
2H), 3.79 (m, 2H), 3.41 (m, 2H), 2.00 (m, J = 7.2 Hz, 2H), 1.87-1.66 (m, 4H), 1.52 (m, 4H).
9-[5-(tetrahydro-2H-pyran-2-yloxy)pentyl]- 9H-carbazole (2c)
The product was clear oil.

1

H NMR (CDCl3 , δ): 8.10 (d, J = 7.9 Hz, 2H), 7.44 (m, J =

7.9 Hz, 4H), 7.23 (m, J = 1.4 Hz, J = 7.9 Hz, 2H), 4.55 (m, J = 2.8 Hz, J = 4.2 Hz, 1H), 4.31 (t, J
= 7.2 Hz, 2H), 3.84 (m, 1H), 3.70 (m, 1H), 3.50 (m, 1H), 3.35 (m, 1H), 1.91-1.69 (m, 4H), 1.62-1.40
(m, 10H).
9-[6-(tetrahydro-2H-pyran-2-yloxy)hexyl]- 9H-carbazole (2d)
The product was clear oil.

1

H NMR (CDCl3 , δ): 8.10 (d, J = 7.9 Hz, 2H), 7.44 (m, J =

7.9 Hz, 4H), 7.23 (m, J = 1.4 Hz, J = 7.9 Hz, 2H), 4.55 (m, J = 2.8 Hz, J = 4.2 Hz, 1H), 4.31 (t, J
= 7.2 Hz, 2H), 3.84 (m, 1H), 3.70 (m, 1H), 3.50 (m, 1H), 3.35 (m, 1H), 1.91-1.69 (m, 4H), 1.62-1.40
(m, 10H).
9-[9-(tetrahydro-2H-pyran-2-yloxy)nonyl]- 9H-carbazole (2e)
The product was clear oil.

1

H NMR (CDCl3 , δ): 8.10 (d, J = 7.9 Hz, 2H), 7.42 (m, J =

7.9 Hz, 4H), 7.23 (m, J = 1.4 Hz, J = 7.9 Hz, 2H), 4.57 (m, J = 2.8 Hz, J = 4.2 Hz, 1H), 4.29 (t,
J = 7.2 Hz, 2H), 3.87 (m, 1H), 3.73 (m, J = 6.9 Hz, 1H), 3.50 (m, 1H), 3.37 (m, J = 6.9 Hz, 1H),
1.90-1.70 (m, 4H), 1.55 (m, 6H), 1.30 (m, 10H).
9-(11-((tetrahydro-2H-pyran-2-yl)oxy)undecyl)-9H-carbazole (2f )
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Yield 100 % clear oil. 1 H NMR (CDCl3 , δ): 8.10 (d, J = 7.9 Hz, 2H), 7.42 (m, J = 7.9 Hz,
4H), 7.23 (m, J = 1.4 Hz, J = 7.9 Hz, 2H), 4.57 (m, J = 2.8 Hz, J = 4.2 Hz, 1H), 4.29 (t, J = 7.2
Hz, 2H), 3.87 (m, 1H), 3.73 (m, J = 6.9 Hz, 1H), 3.50 (m, 1H), 3.37 (m, J = 6.9 Hz, 1H), 1.86 (m,
4H), 1.55 (m, 6H), 1.30 (m, 14H).
Preparation of 3-(9H-carbazol-9-yl)propan-1-ol (3a)
9-(3-(tetrahydro-2H-pyran-2-yloxy)propyl)-9H-carbazole (14 g, 45 mmol) was mixed with
methanol (30 ml) and tetrahydrofuran (30 ml). Then, concentrated hydrochloric acid (5 ml) was
added to the mixture. the obtained mixture was stirred and refluxed for 3 h. After cooling, the
reaction was quenched with water and extracted with dichloromethane two times. The organic
solution was washed with water, dried with Na2 SO4 , filtered, and evaporated. The residue was
crystallized from hexane with a yield of 6.45 g, 96 % from carbazole. This is a colorless solid with
m.p=85 ◦ C. 1 H NMR (CDCl3 , δ): 8.13 (d, J = 7.9 Hz, 2H), 7.48 (m, J = 7.9 Hz, 4H), 7.26 (m, J
= 7.9 Hz, 2H), 4.46 (t, J = 6.2 Hz, 2H), 3.59 (t, J = 6.2 Hz, 2H), 2.10 (m, J = 6.2 Hz, 2H).
The remaining synthesis for 3b - 3f was done in an analogous process.
4-(9H-carbazol-9-yl)butan-1-ol (3b)
The product was clear oil with yield 91 % from carbazole. 1 H NMR (CDCl3 , δ): 8.10 (d, J
= 7.6 Hz, 2H), 7.42 (m, J = 7.6 Hz, 4H), 7.23 (m, J = 7.6 Hz, 2H), 4.37 (t, J = 6.5 Hz, 2H), 3.64
(t, J = 6.5 Hz, 2H), 2.03-1.83 (m, J = 6.5 Hz, 4H).
5-(9H-carbazol-9-yl)pentan-1-ol (3c)
The product was purified on silica gel with an eluent of solvent dichloromethane : methanol
(40:1) with Rf =0.4. The product was clear oil with a yield of 78 %. 1 H NMR (CDCl3 , δ): 8.11 (d,
J = 7.6 Hz, 2H), 7.42 (m, J = 7.6 Hz, 4H), 7.23 (m, J = 7.6 Hz, 2H), 4.33 (t, J = 7.2 Hz, 2H),
3.60 (t, J = 6.2 Hz, 2H), 1.92 (m, J = 7.2 Hz, 2H), 1.57 (m, 2H), 1.46 (m, 2H).
6-(9H-carbazol-9-yl)hexan-1-ol (3d)
The product was clear oil with a yield of 67 % from carbazole. 1 H NMR (CDCl3 , δ): 8.10
(d, J = 7.6 Hz, 2H), 7.42 (m, J = 7.6 Hz, 4H), 7.22 (m, J = 7.6 Hz, 2H), 4.31 (t, J = 7.2 Hz, 2H),
3.60 (t, J = 6.2 Hz, 2H), 1.90 (m, J = 7.2 Hz, 2H), 1.53 (m, 2H), 1.41 (m, 4H).
9-(9H-carbazol-9-yl)nonan-1-ol (3e)
The product was clear oil with a yield of 98 % from carbazole. 1 H NMR (CDCl3 , δ): 8 .10
(d, J = 7.6 Hz, 2H), 7.44 (m, J = 7.6 Hz, 4H), 7.22 (m, J = 7.6 Hz, 2H), 4.30 (t, J = 7.2 Hz, 2H),
3.61 (t, J = 6.6 Hz, 2H), 1.87 (m, J = 7.2 Hz, 2H), 1.53 (m, 2H), 1.33 (m, 10H).
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11-(9H-carbazol-9-yl)undecan-1-ol (3f )
The product was purified by flash column chromatography on silica, started with dichloromethane
to wash out impurities, then dichloromethane : methanol (10:1) to wash out the product. The product was a colorless solid, m.p 64-65 ◦ C. Yield 92 % from carbazole. 1 H NMR (CDCl3 , δ): 8 .10 (d,
J = 7.6 Hz, 2H), 7.44 (m, J = 7.6 Hz, 4H), 7.22 (m, J = 7.6 Hz, 2H), 4.30 (t, J = 7.2 Hz, 2H),
3.63 (t, J = 6.6 Hz, 2H), 1.87 (m, J = 7.2 Hz, 2H), 1.55 (m, 2H), 1.33 (m, 14H).
Preparation of monomer 3-(9H-carbazol-9-yl)propyl methacrylate (4a)
3-(9H-carbazol-9-yl)propan-1-ol (7 g, 33 mmol) was dissolved in dichloromethane (70 ml).
Methacryloyl chloride (4.33 g, 41 mmol) was added to the stirred solution at room temperature. The
obtained solution was cooled with ice then triethylamine (4.53 g, 45 mmol) was added dropwise.
The mixture was stirred for 10 minutes at 10 ◦ C. Then it was washed at room temperature for 6
h and washed with water two times. The organic layer was separated, dried with Na2 SO4 , filtered,
and evaporated under reduced pressure at 25 ◦ C. The residue was recrystallized from methanol.
The product was a colorless solid with a yield of 4.2 g (46 %) and with m.p=286-289 ◦ C. 1 H NMR
(CDCl3 , δ): 8 .10 (d, J = 7.9 Hz, 2H), 7.45 (m, J = 7.9 Hz, 4H), 7.25 (m, J = 7.9 Hz, 2H), 5.93
(m, 1H), 5.48 (m, J = 1.4 Hz, 1H), 4.63 (m, J = 5.5 Hz, 2H), 4.54 (m, J = 5.5 Hz, 2H), 1.80 (t, J
= 1.4 Hz, 3H).
The remaining synthesis for 4b - 4f was done in an analogous process.
4-(9H-carbazol-9-yl)butyl methacrylate (4b)
The product was purified on silica gel with an eluent of solvent dichlomethane : hexane
(3:2) with Rf =0.5. The product was clear oil with a yield of 46 %. 1 H NMR (CDCl3 , δ): 8.10 (d,
J = 7.9 Hz, 2H), 7.44 (m, J = 7.9 Hz, 4H), 7.25 (m, J = 7.9 Hz, 2H), 6.06 (m, 1H), 5.54 (m, J =
1.4 Hz, 1H), 4.37 (m, J = 6.9 Hz, 2H), 4.16 (m, J = 6.5 Hz, 2H), 2.01 (m, J = 6.9 Hz, 2H), 1.92 (t,
J = 1.4 Hz, 3H), 1.75 (m, J = 6.5 Hz, 2H).
5-(9H-carbazol-9-yl)pentyl methacrylate (4c)
The product was purified by passing a dichloromethane solution of monomer through basic
activated aluminum oxide. The product was clear oil with yield 46 %. 1 H NMR (CDCl3 , δ): 8 .10
(d, J = 7.9 Hz, 2H), 7.44 (m, J = 7.9 Hz, 4H), 7.25 (m, J = 7.9 Hz, 2H), 6.06 (m, 1H), 5.54 (m, J
= 1.4 Hz, 1H), 4.37 (m, J = 6.9 Hz, 2H), 4.16 (m, J = 6.5 Hz, 2H), 2.01 (m, J = 6.9 Hz, 2H), 1.92
(t, J = 1.4 Hz, 3H), 1.75 (m, J = 6.5 Hz, 2H).
6-(9H-carbazol-9-yl)hexyl methacrylate (4d)
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The product was purified on silica gel with an eluent of solvent dichlomethane : hexane
(3:2) with Rf =0.4. The product was clear oil with a yield of 72 %. 1 H NMR (CDCl3 , δ): 8 .10 (d,
J = 7.9 Hz, 2H), 7.44 (m, J = 7.9 Hz, 4H), 7.23 (m, J = 7.9 Hz, 2H), 6.02 (m, 1H), 5.52 (m, J =
1.4 Hz, 1H), 4.33 (m, J = 6.9 Hz, 2H), 4.11 (m, J = 6.5 Hz, 2H), 1.93 (m, 2H), 1.90 (t, J = 1.4 Hz,
3H), 1.71 (m, J = 6.9 Hz, 2H), 1.50 (m, 2H).
9-(9H-carbazol-9-yl)nonyl methacrylate (4e)
The product was purified on silica gel with an eluent of solvent dichlomethane : hexane
(3:2) with Rf =0.3. The product was clear oil with a yield of 50 %. 1 H NMR (CDCl3 , δ): 8 .10 (d,
J = 7.9 Hz, 2H), 7.44 (m, J = 7.9 Hz, 4H), 7.23 (m, J = 7.9 Hz, 2H), 6.09 (m, 1H), 5.54 (m, J =
1.4 Hz, 1H), 4.30 (m, J = 7.2 Hz, 2H), 4.12 (m, J = 6.9 Hz, 2H), 1.94 (t, J = 1.4 Hz, 3H), 1.87 (m,
J = 7.2 Hz, 2H), 1.64 (m, J = 6.9 Hz, 2H), 1.34 (m, 10H).
11-(9H-carbazol-9-yl)undecyl methacrylate (4f )
Purified by column chromatography on silica, solvent dichloromethane : hexane (1:1) with
Rf=0.3. The product was a clear oil with a yield of 80 %. 1 H NMR (CDCl3 , δ): 8 .10 (d, J = 7.9
Hz, 2H), 7.44 (m, J = 7.9 Hz, 4H), 7.23 (m, J = 7.9 Hz, 2H), 6.09 (m, 1H), 5.54 (m, J = 1.4 Hz,
1H), 4.30 (m, J = 7.2 Hz, 2H), 4.13 (m, J = 6.9 Hz, 2H), 1.94 (t, J = 1.4 Hz, 3H), 1.87 (m, J =
7.2 Hz, 2H), 1.65 (m, J = 6.9 Hz, 2H), 1.31 (m, 14H).
Preparation of Polymers
Monomer (0.4 g) and AIBN (4 %, mol) dissolved in chlorobenzene (2.5 ml), degassed with
nitrogen and stirred for 24 h at 65 ◦ C. After cooling, the solution was added dropwise to the stirred
diethyl ether. Precipitated crude polymer was separated, dissolved in dichloromethane (3 ml) and
precipitated from diethyl ether again. The purification of polymer by precipitation was repeated
two more times. Purified polymer was dried under reduced pressure.
Poly[3-(9H-carbazol-9-yl)propyl methacrylate] (5a)
Prepared polymer was a clear solid with a yield of 79 %. 1 H NMR (CDCl3 , δ): 7.92 (br.s,
2H), 7.37-7.05 (br.m, 6H), 4.05 (br.s, 2H), 3.85 (br.s, 2H), 1.91 (br.s, 4H), 1.48-0.96 (m, 3H).
Poly[4-(9H-carbazol-9-yl)butyl methacrylate] (5b)
Prepared polymer was a clear solid with a yield of 76 %. 1 H NMR (CDCl3 , δ): 7.96 (br.s,
2H), 7.29-7.10 (br.m, 6H), 4.03 (br.s, 2H), 3.76 (br.s, 2H), 1.95-0.80 (br.m, 9H).
Poly[5-(9H-carbazol-9-yl)pentyl methacrylate] (5c)
Prepared polymer was a clear solid with a yield of 63 %. 1 H NMR (CDCl3 , δ): 7.99 (br.s,
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2H), 7.31-7.10 (br.m, 6H), 4.01 (br.s, 2H), 3.76 (br.s, 2H), 1.80-0.80 (br.m, 11H).
Poly[6-(9H-carbazol-9-yl)hexyl methacrylate] (5d)
Prepared polymer was a clear solid with a yield of 70 %. 1 H NMR (CDCl3 , δ): 7.99 (br.s,
2H), 7.35-7.10 (br.m, 6H), 4.08 (br.s, 2H), 3.78 (br.s, 2H), 1.60-0.80 (br.m, 13H).
Poly[9-(9H-carbazol-9-yl)nonyl methacrylate] (5e)
Prepared polymer was a clear solid with a yield of 68 %. 1 H NMR (CDCl3 , δ): 8.02 (br.s,
2H), 7.40-7.14 (br.m, 6H), 4.12 (br.s, 2H), 3.84 (br.s, 2H), 1.70-0.85 (br.m, 19H).
Poly[11-(9H-carbazol-9-yl)undecyl methacrylate] (5f )
Prepared polymer was a clear solid with a yield of 67 %. 1 H NMR (CDCl3 , δ): 8.03 (br.m,
2H), 7.33 (br.m, 4H), 7.16 (br.m, 2H), 4.16 (br.m, 2H), 3.88 (br.m, 2H), 1.75 (br.m, 2H), 1.54 (br.m,
2H), 1.19 (br.m, 19H).
Modified Carbazole Synthesis
3-(p-tolyl)-9H-carbazole
3-Bromo-9H-carbazole (1 g, 4.06 mmol) was dissolved in IPA (20 mL) along with p-tolyboronic
acid (580 mg), palladium (II) acetate (1 mg, 0.004 mmol), and triphenylphosphine (10 mg, 0.04
mmol). This mixture was stirred and heated to 60 ◦ C. Sodium carbonate (689 mg, 6.5 mmol) was
then added in water (5 mL). The mixture was then heated too reflux and stirred and then stirred
over the weekend at room temperature for 2 hours forming a precipitate. The sample was diluted
with water and filtered. The precipitate was then recrystallized in IPA. The product was a colorless
solid with a yield of 71 % and m.p. = 207-208 ◦ C. 1 H NMR (CDCl3 , δ): 2.42 (s, 3H), 7.24 (m, 3H,
J = 7.9 Hz), 7.45 (m, 3H, J = 8.3 Hz), 7.62 (m, 3H, J = 7.9 Hz, J = 8.3 Hz), 8.07 (br.s, 1H), 8.12
(d, 1H, J = 7.9 Hz), 8.27 (s, 1H).
All ’R’ groups were attached using an analogous process using different boronic acids to
alter the ’R’ group and 3,6-dibromo-9H-carbazole substituted for 3-Bromo-9H-carbazole to allow for
the attachment of two ’R’ groups.
3-(2,3-dimethoxyphenyl)-9H-carbazole
Product was synthesized from 3-bromo-9H-carbazole and 2,3-dimethoxyphenylboronic acid
with a yield of 97 % and m.p. = 142-413 ◦ C. 1 H NMR (CDCl3 , δ): 8.28 (d, J = 1.7 Hz, 2H), 8.10
(s, 1H), 8.07 (s, 1H), 7.66 (d.d, J = 1.7 Hz, J = 8.6 Hz, 1H), 7.48-7.40 (m, J = 8.6 Hz, 3H), 7.24
(m, J = 1.7 Hz, 1H), 7.13 (m, J = 1.7 Hz, J = 7.9 Hz), 6.94 (d.d, J = 7.9 Hz, J = 1.7 Hz, 1H),
3.94 (s, 3H), 3.56 (s, 3H).
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3-([1,1’-biphenyl]-4-yl)-9H-carbazole
Product was synthesized from 3-bromo-9H-carbazole and 4-biphenylylboronic acid with a
yield of 92 % and m.p. = 250-252 ◦ C. 1 H NMR (CDCl3 , δ): 8.34 (d, J = 1.7 Hz, 1H), 8.14 (d, J =
7.9 Hz, 1H), 8.10 (br.s, 1H), 7.81 (d, J = 8.6 Hz, 2H), 7.75-7.65 (m, J = 1.7 Hz, 4H), 7.51 (d, J =
8.6 Hz, 2H), 7.46 (m, J = 1.7 Hz, J = 7.2 Hz, 4H), 7.38 (m, J = 7.2 Hz, 1H), 7.28 (m, J = 7.9 Hz,
1H).
3,6-di-p-tolyl-9H-carbazole
Product was synthesized from 3,6-dibromo-9H-carbazole and p-tolyboronic acid with a yield
of 90 %. 1 H NMR (CDCl3 , δ): 8.32 (d, J = 1.4 Hz, 2H), 8.07 (br.s, 1H), 7.67 (m, J = 1.4 Hz, J =
7.9 Hz, 2H), 7.62 (d, J = 7.9 Hz, 4H), 7.48 (m, J = 7.9 Hz, 2H), 7.29 (d, J = 7.9 Hz, 4H).
3,6-di-1,1’-biphenyl-4-yl-9H-carbazole
Product was synthesized from 3,6-dibromo-9H-carbazole and 4-biphenylylboronic acid acid
with a yield of 93 % and m.p. = 234-235 ◦ C. 1 H NMR (CDCl3 , δ): 8.41 (s, 2H), 8.15 (s, 1H),
7.83-7.65 (m, J = 7.2 Hz, 14H), 7.55-7.46 (m, J = 7.2 Hz, 6H), 7.37 (m, J = 7.2 Hz, 2H).
Further monomer synthesis and polymer synthesis of the carbazoles are completed following
the same procedure previously described.
Oxygenated Side Chain Synthesis
Preparation of 2-(2-(2-(2-chloroethoxy)ethoxy)ethoxy)tetrahydro-2H-pyran
2-[2-(2-chloroethoxy)ethoxy]ethan-1-ol (8 g, 47.44 mmol) and p-toluenesulfonic acid (10 mg,
0.06 mmol) were dissolved in dichloromethane (20 ml). Dihydropyran (4.19 g, 49.82 mmol) was
then added dropwise slowly stirring the solution. The reaction is exothermic and heats up to 40 ◦ C,
boiling temperature. After cooling, the solution was stirred at room temperature for 2 h, solvent
was evaporated under reduced pressure. The product was clear oil with yield 12.2 g (99 %).

1

H

NMR (CDCl3 , δ): 1.48-1.62 (m, 4H), 1.66-1.86 (m, 2H), 3.49 (m, J = 5.5 Hz, 1H), 3.58-3.69 (m, J
= 5.5 Hz, 9H), 3.74 (m, J = 5.5 Hz, 2H), 3.85 (m, J = 4.1 Hz, J = 1.8 Hz, 2H), 4.62 (m, J = 4.1
Hz, J = 1.8 Hz, 1H).
Further monomer synthesis and polymer synthesis of the carbazoles are completed following
the same procedure previously described.
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Chapter 3

Carbazole based memristors for
biological synaptic modeling
3.1

Introduction
The memristor detailed by Hewlett Packard was only bistable meaning that it only showed

two resistivity states[15]. While this device is categorized as a memritor in a later paper by Chua,
for a memristor to achieve relevance in computation and synaptic memory modeling and surpass
traditional transistor technology, devices would need to be created that could reversibly alter its
conductivity to a multitude of states[126]. Currently, chalcogenide glass based devices that alter
the conductivity of the device via the reversible crystallization of the chalcogenide glass layer based
devices dominate the field with high switching speeds and consistent, reversible switching between
conductivity states[23, 24, 22, 199]. While organic based device have traditionally lagged behind their
inorganic counterparts, organic based electrical devices have shown the ability to have competitive
properties leading to their inroads in organic light emitting diode (OLED) based TVs[200]. Recently,
organic based memory devices have begun to demonstrate the properties necessary for competing
with more established inorganic based systems including nanosecond switching times combined with
high endurance and stability and high performance flexible devices for artificial synapses through the
use of organic based redox reactions[25, 14]. Furthermore, the creation of artificial synapses has been
observed using a variety of mechanism other than redox based system in organic memristor devices
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Figure 3.1: (a) A schematic representation of the devices and the conformational shifts in the carbazole groups.
(b) The average conductivity over 5 runs with error bars included as well as the pulse pattern. (c) The complete data
shown in Figure 1b shown to give a more complete look at the pulse data.

including filamentary conduction[29, 2] and charge transfer[201, 77]. Previously, we have reported
the ability to tune polymeric based memritors that undergo conformation changes to achieve a
multitude of conductivity states from a material that previously only showed bistabilty[35]. In this
work, it is shown that not only were these devices capable of achieving multiple conductivity states,
but these states were reversible under pulse measurements and demonstrate learning potential.

3.2

Results and Discussion
A number of signature characteristics are exhibited by memristors in their I-V response

when driven by a bipolar periodic signal such as: (1) a hysteresis loop that is pinched at the origin;
(2) the area of the hysteresis lobe is a monotonically-decreasing function of the excitation signal
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frequency beyond some frequency; and (3) the I-V response tends to a single-valued function when
the excitation frequency tends to infinity[177]. Recently, a range of n-alkyl methacrylate polymeric
memristors were presented and indicated that a number of these characteristics were present in
their I-V response[35]. Figure 3.1a presents the AC response of poly(11-(9H-carbazol-9-yl)undecyl
methacrylate) (PUMA; n=11) in a ITO/polymer (200 nm thickness)/aluminum device structure
under a sinusoidal driving voltage at a frequency of 20 Hz. The first 10 full cycles across the device
are presented and, specifically, the 1st (red circle) and 10th cycle (blue circle) are labeled. This
polymers exhibits a pinched hysteresis loop that tends to single-valued function when the excitation
frequency tends to infinity[35]. The glass transition temperature (Tg ) of the polymer is slightly
below the testing temperature of 23 ◦ C with PUMA having a Tg of 14 ◦ C. The hysteresis loop of
this polymer exhibits smooth and successive current transitions between increasing driving voltages
and differ greatly from other n-alkyl methacrylate polymeric memristors or their derivatives when
the n-linkage is under 6 units and their corresponding device exhibit a pronounced “bistability” in
their electrical response[35, 36]. The polymer poly(9-(9H-carbazol-9-yl)nonyl methacrylate) (PNMA;
n=9) also exhibited a hysteresis loop under similar testing conditions, but the hysteresis loop of
PUMA exhibits a larger current variation relative to PNMA[35].
For these tests, PUMA was taken as the prime candidate for further testing based on its
smooth hysteresis curve shown in previous work using an glass/indium tin oxide (ITO)/polymer/aluminum
(Al) architecture[35]. This change in conductivity is hypothesized to be due to the changes in alignment of the pendant carbazole groups with each other[36]. Carbazole groups are in their highest
conductivity state when they reach a full sandwich configuration where the carbazole groups fully
overlap each other and give a minimum distance between free electrons originating from the nitrogen
atom of the carbazole molecule[179, 174, 175, 189]. As the carbazoles are the most electronically
active groups in the polymeric material, it can be inferred that slight changes to their ability to
conduct from one group to the next greatly effects the materials conductivity. Therefore, slight
deviations from this alignment in the device allow for slight alterations to the conductivity of the
pendant carbazole groups and the methacrylate polymer as a whole. To further demonstrate the
capabilities of PUMA based devices, samples were made to previous specifications and tested under
a variety of pulses to demonstrate is capabilities as a synaptic modeling device. To first demonstrate
the resistivity switching of the device, samples were given positive and negative voltages and probed
with a small secondary pulse. Figure 3.1c shows that the conductivity of the device was consistently
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reversible based on the bias of the electrical pulse that it was exposed too. For this test and subsequent tests, the bias is applied to the Al electrode and the ITO electrode acts as the ground. When
a positive bias is applied to the Al electrode, the carbazole groups shift their alignment closer to a
full overlap while a negative bias shifts the carbazoles slightly out of phase leading to increases and
decreases in the conduction of the device. Figure 3.1b shows the same data as 1c but condensed
down with error bars to examine the consistency that the device is able to reach a conductivity
state. While the error bars on the positive sweep (increasing conductance) are highly consistent,
there is some deviation in the negative sweep (decreasing conductance). The negative pulses also
has a different effect on the device which can be observed in Figure 3.1b where the positive pulses
cause a more linear change in conductance. Another interesting note is that despite the different
conductance changes from the positive pulses an negative pulses, the device constantly resets to the
same low conductance state. Therefore, it is possible to consistently reset the device through an
equal but opposite pulse pattern.
One of the fundamental characteristics of synaptic plasticity in biological neural networks
is spike timing-dependent plasticity (STDP) and its replication in a synthetic model is critical for
emulating the biological system[29]. In this neural configuration, the synaptic weight can be altered
through a timing of a pre- and post-synaptic spike. In our typical memristor configuration, the
polymer will be sandwiched between an ITO (1st electrode) and Al (2nd electrode). Figure 3.2
inset presents a proposed pre-synaptic spike and post-synaptic spike waveform that will be applied
to the electrodes to determine the STDP response by using a small interrogation voltage across the
device. Based on the conductivity changes of the memristor exhibited after it has undergone bistable
switching to the conductive state cf. Figure 3.2 and previous work, we would expect that if a postsynapse is stimulated momentarily after a pre-synapse (∆t < 0) the synaptic weight would increase,
resulting in long-term potential (LTP). In contrast, if the ordering of the spikes are reversed (∆t > 0)
the synaptic weight should decrease and result in long-term depression (LTD)[35]. Potential spikes
will be applied to the first and second electrodes to assess the excitatory post-synaptic current
(EPSC) and inhibitory post-synaptic current (IPSC) and differentiate conductive magnitudes and
decay characteristics from device capacitive effects.
To begin to characterize this device as a synaptic substitute, the device is tested to examine
if it conforms to Hebbian learning. The Hebbian spike-timing-dependent plasticity (STDP) learning
rule has been well established learning function based on the alteration of the conductivity of synapses
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Figure 3.2: Graphs show the device response to the overlapping electrical pulses that are shown in the inset graphs.
(a) is shown with longer pulses (lower frequency) and (b) is shown with shorter pulses (higher frequency). These tests
were done on separate samples and frequency but showed similar shapes. Synaptic weight (δw) is modeled as the
device conductance.
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in the brain, and it has been demonstrated in multiple species including humans and is considered
the bias for cognitive learning[202, 203]. The basis of this idea is that postsynaptic conductance
changes as ion channels open or close depending upon the potential applied to it[202, 203]. To
simulate this process, a pulse representing a presynaptic pulse and a postsynaptic pulse are applied
while varying the time between the pulses. For this test, the conduction will be modeled as the
synaptic weight change and is measured after each pulse combination. The applied pulses were
altered to different pulse widths to test the consistency of the device output at different pulsing
rates. The applied pulses can be seen in the inset of Figure 3.2a and Figure 3.2b where Figure 3.2a
uses a longer, slower pulses and Figure 3.2b uses shorter, faster pulses. The resulting graphs shown
in Figure 3.2 are not symmetrical but rather show a sharp change when conductivity is increased
and a more gradual curve when the conductivity is decreased. This differing response is consistent
with the unbalanced response seen in pulse testing. It should also be noted that these devices show
relatively narrow regions where the conductivity of the device undergoes alteration compared to the
regions that show little to no change in the synaptic weight. To further examine the device and
discover why these regions are relatively narrow, the spike-rate-dependent plasticity (SRDP) of the
device is also examined.
The SRDP as well as the synaptic saturation are studied by varying the frequency and
voltage of electrical spikes applied to the device. For simplification, these tests were done with a
single spike waveform (shown in Figure 3.3a) meant to induce an increase in the device contuctance
followed by a small measurement pulse. Between tests, the device is reset by a series of negative
pulses to return the device to a low conductivity base state. These tests are meant to examine
long term depression (LTD) and long term potentiation (LTP) where LTD is a decrease in synaptic
efficiency and LTP is an increase in synaptic efficiency and the effect that voltage and pulse width
have on these synaptic properties[204, 205, 206, 207, 208, 209]. Examining the effect of varying the
voltage can be seen in Figure 3.3c and Figure 3.3d where the device is tested at 4, 6, and 8 V at
different frequencies. Irregardless of the frequency of the applied pulse, there is a large jump at 6
and 8 V as to where the device saturates. This can be used to explain the narrow range previously
shown at which the conductance can be altered in the STDP measurements. As the two STDP
pulses overlap and combine, the two pulses that have max voltages of 2.5 V can add up to a 5 V
max. Figure 3.3c and Figure 3.3d show that getting over 4 V can have a large effect on the device
relative to voltages 4 V and lower. Until the overlap creates voltages that are less than -4 V or
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Figure 3.3: (a) The pulse appplied to the devices while varying frequency and peak voltage. (b) The frequency
effect of synaptic saturation using a V peak voltage. (c&d) The effects of varying peak voltage from 4 V to 8 V at 2
Hz (c) and 10 Hz (d).

greater than 4 V, the change can be relatively negligible. This effect can be overcome at very low
frequencies (very large pulse width) which can be seen in Figure 3.3b. While a short pulse at this
voltage may have a negligible effect, decreasing the frequency increases the width of the pulse and
the total energy applied to the device. This is also agrees with the STDP data as the range at which
conductivity could be altered was increased when the pulses were enlarged and the pulse width was
increased in Figure 3.2a when compared to Figure 3.2b. Ultimately, this device requires either a
high enough applied voltage or a long enough pulse width to allow enough energy into the system
for the device to function appropriately.
These polymeric devices are advantageous in the simplicity of their design which can also
allow for the production of flexible devices using the same system but substituting poly(ethylene
terephthalate) for the glass substrate. The device is produced in an analogous manor with this
simple substitution to produce a fully flexible device that can function well through a number of
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Figure 3.4:

(a) A demonstration of the flexibility of the device when utilizing a PET substrate. (b) The pulse
applied to the PET based device. (c) The effects of a 7 mm bending radius on a flexible device. Red = 20 bending
cycles, blue = 50 bending cycles, and green = 100 bending cycles.

bending cycles which can be seen in Figure 3.4. Figure 3.4 shows the performance of the device
after 20, 50, and 100 bending cycles using a 14 mm diameter pipe to create a bending radius of 14
mm. Not only was the device functional after the bending cycles, but the change in conductance
also showed a high degree of consistency for each run. As the number of bending cycles increases,
the device appears to change its conductance as well as a change to the basic shape of the curves.
Initially, at 20 bends, the change in the conduction under positive pulses is not linear but does show
a linear response under negative pulses. As the number of bends increases, this response flips with
the positive conductance changes showing a more linear response. While an exact explanation is not
known, it does appear to coincide with the changes in conductivity of the device meaning that at
higher conductance, more energy is required to increase the conductance and at lower conductance,
more energy is required to decrease the conductance.
Further inspection of this data shows that these device can be utilized for simple addition
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Figure 3.5: (a) The average of 50 cycles from the sample that underwent 100 bending cycles with error bars along
with a transformation function (b) that allows for a linear measurement (c). This is repeated with 50 bending cycles
(d,e,f) and 20 bending cycles(g,h,i).

calculations and the storage of that calculation as seen in Figure 3.5. From the pulse tests shown in
this work, it is possible to reliably cycle the device through multiple conductivity states. From this
data, we can then define ranges to act as different numerical values such that applied pulses allow
for the shift of the conductance through these regions. By then assigning these ranges numerical
values, the pulse then begins to act as a function of + 1. Because positive pulses and negative pulses
differ in their effect on the device as shown in Figure 3.4, negative pulses do not cause the same
level of change and are not a reliable method for acting as a function of - 1. However, utilizing the
same pulse pattern in the negative direction that was applied in the positive direction, such that
the positive and negative applied energy is equal, is a reliable method for reseting the device back
down to a base state or ’0’. Therefore, it is possible to do simple addition and store the final value
on the device and reset the device for multiple uses.
In order to correct for these differences in the application of a positive voltage and negative
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voltage, a transformation function can be introduced to alter the signal to give a more linear response.
The average over 50 cycles of the PET sample can be seen in Figure 3.5a,d,g along with error bars.
In each of these tests, either the positive or negative sweep containing incremental increases in
voltage allow for a near linear alteration to the device. Using the averages from each test, the low
conductance (pulse 0) and the high conductance (pulse 6) are taken as the minimum value and the
maximum value. A transformation function is shown in Figure 3.5b,e,h which contain the scaling
factors required to form linear responses keeping the minimum and maximum conductance equal
to the initial measurements. The scaling factors are very close to a value of 1 for the increases
in conductance, but must be scaled more dramatically for the decreases in conductance for both
Figure 3.5b and Figure 3.5e, but it the opposite for Figure 3.5h. This could be due to the higher
conductance shown in Figure 3.5g being closer to the upper limit and therefore requiring higher
voltages to increases the conductance and lower voltage to decrease the conductance. By utilizing
these scaling factors, it is theoretically possible to now do calculations using subtraction as the
negative and positive changes can be made to reach equivalent conductance states as seen in Figure
3.5c,f,i.
In conclusion, these polymeric systems were capable of performing as synaptic substitutes
and capable of conforming to a flexible device architecture. These devices were shown to undergo
conductivity changes under pulse measurements an were shown to demonstrate Hebbian learning
rule when exposed to presynaptic and postsynaptic pulses. Further characterization of the rate and
voltage dependence on the device gave further understanding to the energy required for conductivity
changes in the device. Finally, the device could be stressed by bending and still cycle through
conductivity states.

3.3
3.3.1

Experimental
Device Formation
The devices were fabricated on unpolished float glass measuring 12.7 mm x 12.7 mm x 0.7

mm with one side passivated with SiO2 and coated in ITO with a sheet resistance of 8-12 Ω. The
ITO anode was masked with a piece of vinyl tape with a width of 4 mm in the center of the slide for
the full length (12.7 mm). The uncovered ITO was then etched away using the following metal-acid
reaction: zinc powder (Fisher Scientific) was used to create a thin layer of zinc on the ITO then
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highly concentrated HCL (36.5 % to 38 %) (VWR) was poured over the top of the zinc coated ITO
anode in a glass container. The slides were then washed with deionized (DI) water. The tape was
removed from the sample and they were rinsed with DI water again. The sample was further cleaned
by immersing the slide in acetone and sonicating for 10 minutes. The sample was then wiped with a
non-sterile cotton tip swab (Fisher Scientific) before the sample was immersed in isopropyl alcohol
and sonicated for 10 minutes. The sample was dried under nitrogen, loaded into a Harrick plasma
cleaner/sterilizer PDC-32G, and run on the high setting for 5 minutes to remove any excess organics
as well as enhance the wettability of the surface for better results when spin coating the polymer
layer. The desired polymer was dropped onto the anode from a solution of chlorobenzene (Acros)
at a concentration of 50 mg/mL and spun at 2000 rpm in a Specialty Coating Systems Spincoat
G3P-8. The samples were then placed into a Denton Vacuum DV-502A evaporation chamber with
an aluminum pellet (Kurt J. Lesker 1/4 in diameter x 1/2 in length) in a tungsten basket heater
coil (Kurt J. Lesker). The samples were loaded into a mask that allows for the deposition of two
aluminum strips that are perpendicular to the ITO strip such that there will be two devices per
sample, each having and area of 4 mm2 . The chamber was then left under roughing vacuum over
night. After the pressure has stabilized, the roughing valve was closed and an Alcatel 5100 Turbo
Pump was used to get the chamber to the desired pressure to evaporate the aluminum (2 x 10−6
torr). The aluminum was then evaporated by supplying 35-40 amps to the tungsten basket until the
thickness of the electrode was approximately 200 nm as measured by a Sigma Instruments SQM-160
rate/thickness monitor. The chamber was then vented with nitrogen and the devices were removed
for testing.

3.3.2

Device Testing
The AC tests were performed on a custom setup that utilizes an Agilent 33120A 15 MHz

function/arbitrary waveform generator to generate the signal and a National Instruments PCI-6013
data acquisition (DAQ) board to measure the output signals. A breadboard was constructed such
that the memristor was in series with a resistor as a traditional voltage divider and could be easy
changed using alligator clamps. The signal was run through the memristor and standard resistor,
and the voltage drop across the standard resistor is measured and compared to the input signal
both of which run to the DAQ board. The signal is initially fed into the aluminum electrode of the
memristor and travels through the standard resistor which is also tied to ground.
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Chapter 4

Biologically-based pressure
activated thin-film battery
4.1

Introduction
The development of printed electronics that can conform to traditional printing processes

has received intense interest from industry. The implementation of essential electronic components
such as transistors, diodes, conductive connectors, and resistors into a printing process that utilizes
a flexible substrate has seen an increase in academic and industrial efforts[210, 211, 212, 213, 214].
A low cost power source that can also conform to a high throughput printing processes is necessary
to provide current for these printed devices[215, 216, 217]. Alkaline batteries offer qualities including
low cost, high energy density, relatively flat discharge, and low internal resistance that make it an
excellent candidate for use in these printed systems[218, 219]. There are several challenges associated
with the formation of printed batteries such as the thermal and chemical limitations of industrial
standard substrates and layered architecture[219, 220, 221, 222]. Another challenge when using a
printing process is the limitation placed on the thickness of the device which limits the capacity that
the reduced thickness and mass will cause[223]. Additionally, the storage life of a battery which can
supply power when its not required is reduced due to inevitable losses. To ensure that the battery has
power when required, an additional requirement can be that the battery is activated by mechanical
means when power is required. A reserve battery is an electrochemical cell where its components
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Figure 4.1: (a) Schematic of the thin-film battery developed in this effort; SEM images of (a) manganese (II)
oxide cathode with “crushed” fish egg membrane separator, (b) zinc anode, and (d) fish egg membrane separator
with pores that had an average diameter of 112 nm and standard deviation of 43 nm. Silver current collector is not
shown as it was not in the cutting plane.

are segregated until the battery needs to be used, facilitating its long storage life[224, 225].
To print batteries, a number of techniques have been used to pattern and deposit the individual components (cathode, anode, current collector, and the electrolyte) such as dispenser printing,
screen printing, roll-to-roll printing, and stencil printing[212, 219, 222, 226]. In this effort, roll-to-roll
printing was used for the current collectors while stencil printing was used for the electrodes. The
inks for the anode and cathode are generally in the form of a mixture of the electroactive component
and a binder[219]. Due to the superior energy density, low internal resistance, and flat discharge
characteristics of manganese dioxide and zinc based alkaline batteries has resulted in the widespread
acceptance of these systems for primary batteries[218, 219, 227]. In the current implementation of
a reserve battery, the electrolyte is stored inside small round vesicles that separate the electrodes.
Upon being mechanically crushed, the vesicles release their ionically-conductive liquid contents to
fill the void between the electrodes and complete the cell. The outer shell of the crushed vesicles
act as a physical separator and ion conductor. For a spherical liquid storing vesicle with this latter
feature, we can look to a natural product, specially fish roe[228, 229, 230, 231].
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4.2

Zn(s)

→

−
Zn2+
(s) + 2e

(4.1)

2(M nO2(s) + H2 O(l) + e−

→

−
M nO(OH)(s) + OH(aq)
)

(4.2)

Results and discussion
Figure 4.1a presents a schematic of the thin-film battery developed in this effort. This

battery utilized a modified alkaline battery chemistry to generate the voltage potential where the
half-reactions at the electrodes are presented in Eqns. 4.1 & 4.2. The silver current collectors were
directly printed on PET substrates, while the manganese (II) oxide cathode (cf. Figure 4.1b) and
zinc anode (cf. Figure 4.1c) were directly printed on top of the silver current collectors and PET.
The cathode and anode were printed utilizing a stencil printing method with a polyester mask cut to
the desired shape and the inks utilized a number of differing components (cf. Experimental section)
but both employed poly(vinylidene fluoride-co-hexafluoropropene) (PVDF-HFP) as a binder due to
its extensive use in battery systems as well as being shown to have worked well in printed alkaline
systems[232, 233]. The anode was printed to a final thickness of 75 µm with a weight of approximately
49 mg while the thickness of the cathode was 170 µm with a weight of approximately 63 mg. The
area of the battery is 2.25 cm2 These latter two assemblies were separated by an ion permeable layer
in the form of fish roe (cf. Figure 4.1d) that had been treated to contain a defined concentration of
a NaCl-based electrolyte. These vesicles were ca. 1 mm in diameter before being deformed, but the
the total thickness of the device was roughly 0.5 mm after the vesicles were crushed to release their
electrolyte and activate the battery.
Figure 4.2 presents the pressure activation of the battery. The battery exhibited no potential
prior to being pressure activated. A force of 15 N was applied to the battery resulting in the
deformation of the fish roe. This distortion resulted in a large majority of the eggs splitting open
and releasing their liquid contents. In the case of Figure 4.2, the roe were soaked in a 5 wt. % NaCl
aqueous solution. When the roe ruptured, this salt solution fills the region between the anode &
cathode and acts as an ionic conductor, resulting in the activation of the battery. The turn-on of
the battery coincides with the deformation and results in a 1.05 voltage at a 1 mA constant current
that quickly stabilizes to 1 volt. Post inspection of an activated battery (cf. Figure 4.1b) indicated
that the roe are planarized with loading. Figure 4.3 presents the deformation characteristics of a
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Figure 4.2: Voltage activation (◦) with force loading (•) of printed battery with fish egg electrolyte & separator
that has been treated with 5% NaCl aqueous solution. Prior to the application of the force loading, the battery was
under a 1 mA constant current, but an output voltage was only observed after the application of an outside force.
The force was applied by a 1.5 cm diameter circular plate.

single fish egg as-received and with a cleaning & soaking in a 5 wt. % NaCl aqueous solution. The
abrupt drop in the displacement was indicative of the egg rupturing. The as-received eggs failed at
a loading of 0.26 N while the cleaned & soaked eggs failed at 0.15 N; the cleaning and salt solution
replacement procedure resulted in the roe fracturing at a substantially lower loading than the asreceived eggs. As indicated previously, the fully assembled batteries were activated by 15 N force
(cf. Figure 4.2) which is an order of magnitude greater than force which is required to rupture a
single egg. After the washing process as well as the salting process, the fish eggs went through a
hypertonic process. This was witnessed after washing and at different salt levels without notable
differences. It is believed that the heavy washing and serum replacement caused substantial harm
to the internal biological components of the egg which disrupted the internal pressure causing the
eggs to burst at a lower applied force.
As indicated earlier, the fish roe were washed extensively with deionized water prior to being
soaked an aqueous salt solution. The weight ratio of the liquid contents to the egg shell at this stage
was ca. 70 %. As Figure 4.1d indicates, a typical fish egg from these tests had a large number of pores
with an average diameter of 112 nm and standard deviation of 43 nm. These pores facilitated the
transfer of the contents of the as-received roe into the washing/soaking solution during the cleaning
and electrolyte replacement phase of the roe’s treatment prior to building the battery. Batteries
built with fish roe that have only undergone the cleaning phase failed to generate a potential when
activated. In order to be able to generate a potential, the contents of the cleaned roe had to be
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Figure 4.3: Deformation of a single fish egg with loading: as-received (•) and with 5% NaCl aqueous solution serum
replacement (◦). The force was applied by a 1.5 cm diameter circular plate onto the spherical fish eggs.

replaced with an ionic conductor such as a NaCl solution. The eggs were allowed to soak in solutions
containing the desired NaCl concentration for 1 hour to achieve equilibrium; longer soak times did
not result in batteries with differing discharge characteristics. Surprisingly, once the electrolyte of
the roe was set by soaking in the salt solution, the final battery did not activate unless deformed;
there was insufficient leakage of the electrolyte out of the pores once the battery was assembled to
activate the battery.
The salt concentration in the serum replacement phase during the pre-treatment of the
roe greatly influenced the performance of the battery. Figure 4.4 presents the discharge curves of
batteries with electrolytes of varying salt concentrations. For these discharge curves, the batteries
were kept under a 15 N force for the length of the test and were given 10 minutes to equilibrate
under constant current before the comparing the discharge voltage. The voltage response was due
to a 1 mA constant current and indicated that increasing salt concentrations up to 5 % resulted in
an improvement in battery performance but soaking the roe in salt concentrations greater than 5 %
NaCl exhibited identical initial decay characteristics. As the salt concentration of the encapsulated
solution increased, the ionic conductivity of the electrolyte increased reducing the internal resistance
of the battery. The initial discharge characteristics of the batteries with salt concentration of 5 %,
10 %, and 20 % were similar, with the latter battery failing at ca. 200 minutes. Surprisingly, the
5 % discharged for 175 minutes, lasting 25 minutes longer than the battery assembled with roe
soaked in a 10 % NaCl solution. The differences in capacity shown at salt concentrations of 5 %
and higher were repeatable in the regard that slight differences were observed. This is likely due to
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Figure 4.4: Voltage response at 1 mA constant current of printed batteries with fish eggs treated with varying
salt concentrations: 20 % (◦), 5 % (4), and 10 % (•). Inset presents initial voltage decay curves of batteries with
salt concentrations of 0.5%, 1%, 5%, 10%, and 20%; concentrations of more than 5% exhibited identical initial decay
characteristics.

small derivations in the manufacturing of the battery. Using 0.7 Volt as the end of the useful life
of the batteries, the 20 % NaCl-based battery exhibited a 1.12 mA·h·cm−2 discharge capacity. This
capacity corresponded to consumption of about 3.1 mg of Zn at the anode and 8.2 mg of MnO2 at
the cathode. This led to approximately 18 % of used material in the cathode which would act as
the limiting electrode. The power density of the battery is 0.21 Wh/cm3 and the energy density
is 744.27 J/cm3 when discharged at 1 mA. Batteries assembled with roe with 0.1 % and 1 % salt
concentrations exhibited significantly lower initial voltages and shorter discharge lifetimes (cf. Figure
4.4 inset).
The as-received fish roe were stored with a NaCl solution (ca. 20 wt % at 23 ◦ C) as a
preservative and assembling a battery with the neat eggs (i.e. no pre-cleaning or salt processing)
resulted in a battery that exhibited discharge characteristics that were similar to the battery with
cleaned roe that had undergone a 20 % NaCl serum replacement (cf. Figure 4.4). However, the eggs
are also stored with dyes and other additives that could effect the performance of the battery. As
indicated earlier, the electrolyte contents of the eggs did not appear to rapidly diffuse through the
pores in the eggs and the batteries could be stored for days and would still exhibit a potential when
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Figure 4.5: Voltage response at 1 mA constant current of printed batteries with neat fish eggs (i.e. no pre-cleaning
or salt processing) after 3 days of storage.

the eggs were crushed. Figure 4.5 presents the discharge characteristics of a battery which utilized
neat fish roe and that had been stored for three days. The performance, even with the storage time,
was comparable to a freshly assembled battery. Clearly, if the assembled batteries were effectively
sealed to minimize the dehydration of the fish roe, the storage time could be conceivably extended
to months or years.
Figure 4.6 presents the discharge characteristics of the battery using eggs that have undergone the serum replacement with a 5 % salt solution under varying constant currents. At a constant
current of 1 mA, the battery’s capacity is measured to be about 2.30 mAh. When the constant
current is changed to 0.75 mA and 0.5 mA, the battery’s capacity increased to 2.91 mAh and 3.62
mAh respectively. Therefore, altering the constant current from 1 mA to 0.5 mA causes an increase
in the capacity of the system of approximately 57 %.

4.3

Conclusions
In this effort, it was demonstrated that fish roe could act as the electrolyte storing vesicle

and ion conducting separator in a printed & thin-film reserve battery. Through a serum replacement
method, the ionic conductivity of the fish roe could be altered to tune the discharge characteristics
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Figure 4.6: Voltage response with fish eggs containing a 5 % salt solution at 1 mA (◦), 0.75 mA (4), and 0.5 mA
(•) constant current. The battery is considered discharged when it drops below 0.7 V (labeled).

of the batteries. The batteries could be activated by a 15 N load and would discharge for up to 200
minutes; total discharge capacity was typically 1.12 mA·h·cm−2 .

4.4
4.4.1

Experimental
Reagents and Solvents
All the commercial reagents were used without further purification. All the solvents were

dried according to standard methods. Deionized water was obtained from a Nanopure System and
exhibited a resistivity of ca. 1018 ohm−1 cm−1 .

4.4.2

Printing Process
The silver ink was purchased from PChem Associates Inc. (PFI-722) and used without

modification. The silver was printed on a RK Printcoat Instruments Flexiproof 100 in the shape
shown in Figure 4.1 where the top square is 1 cm2 attached to a 2 cm by 0.25 cm rectangle. It was
printed at a speed of 70 ft/minute and at a pressure of 140 bar on a PET film of approximately 90
µm thickness to simulate the large scale process. The anilox roller used was rated at 13 billion cubic
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microns (BCMs). After being printed, the silver was placed in an oven at 90 ◦ C for two hours. The
two electrode inks were formulated using Zn and MnO2 as the bases. The MnO2 powder(Tronox)
is <10 µm and the Zn powder (Aldrich) was also <10 µm. The anode ink was 87% Zn, 7% zinc
oxide (Alfa Aesar), 4% bismuth(III) oxide (Aldrich), and 2% PVDF-HFP (Aldrich) (400 000 g mol1) binder by weight in n-methyl-2-pyrrolidone (NMP) (Acros) solution. The cathode ink was 86%
MnO2 , 8% carbon black (Alfa Aesar), and 6% PVDF-HFP (400 000 g mol-1) binder by weight in
NMP solution. The anode and cathode inks are stencil printed over the silver electrodes using a
square stencil with a 2.25 cm2 area and a stencil thickness of 180 µm for the MnO2 based electrode
and 90 µm for the Zn based electrode. They were then allowed to dry for 3 hours in a 80 ◦ C oven.

4.4.3

Fish Roe Treatment
The fish roe employed in this study is from cyclopterus lumpus and sold as “Romanoff

Caviar Black Lumpfish Caviar”. This commercially obtained roe is dyed black and packed with
sodium benzoate as a mold-inhibitor. Prior to use in these studies, the roe was placed in a bath of
deionized water and allowed to sit for five minutes at which time the water is changed. This was
repeated until the water remains clear, at which time the water was changed every hour for two
additional washes. This water washing procedure was preformed to remove any added dyes and/or
inhibitors.
To control the salt concentration of the liquid within the roe, the washed roe were placed
for one hour in solutions composed of deionized water and a defined amount of NaCl. A number of
salt solutions were made ranging from 0 % to 20 wt. %. The eggs were then allowed to dry on a
lent free paper towel for five minutes to ensure that solution on the outside of the egg did not allow
the battery to activate. The eggs were then placed by hand in a single layer on top of an electrode.
The other electrode was then placed on top, and the battery can be sealed for storage or used as is.

4.4.4

Mechanical and Electrical Characterization
Mechanical deformation studies were performed with a TA Instruments DMA 2980 Dynamic

Mechanical Analyzer. The studies were performed using the compression setup utalizing a 1.5 cm
diameter circular plate to apply the force. Electrical discharge measurements were taken on a CH
Instruments Model 660B Electrochemical Analyzer/Workstation. In a typical deformation/electrical
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discharge study, the battery was placed in compression clamps on the DMA and was wired to the
electrochemical analyzer. The upper compression jig was lowered on the battery with an idle force
of 0.01 N. Once the run is started, a 15 N force was applied and held constant for 10 minutes while
the electrical response was monitored. After 10 minutes, the DMA could return to to its idle force
without disturbing the battery discharge or could be kept in place for the length of the test, and the
battery was allowed to discharge to completion.

4.4.5

Microscope Images
SEM images were taken on a Hitachi model S-4800 field emission scanning electron micro-

scope. All samples were dried under vacuum at approximately 23 ◦ C. Samples were then adhered to
an aluminum stage with carbon tape and coated with a thin layer of platinum before being imaged.
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Chapter 5

Miniemulsion preparation of
aqueously dispersed pentacene
nanoparticles
5.1

Introduction
The manufacture of electronic devices and components is currently experiencing a rapid

evolution toward alternate materials and methods.[200, 234] Organic materials are being investigated as alternatives and supplements to silicon and galium-arsenide based processing and solution
processing is being explored in lieu of vacuum based processing techniques.[235, 236, 237] As new
materials are synthesized and more commonplace materials are being recomposed as semiconductive
elements,[238, 173, 239] tailoring these materials for next generation manufacturing and processing
methods must happen with little or no effect on the functionality of the material. The move to a
solution based manufacturing setting will not only require excellent solubility and/or the ability to
be dispersed uniformly, it will need to follow current trends toward environmentally friendly and
safe working materials. The caveat to solution processable organic materials infiltrating industries
such as electronics is that most organic and polymeric materials that have and continue to show
fascinating electronic properties are processable only in hazardous solvents and media. Furthermore,
small molecule materials, such as pentacene, are typically insoluble in a variety of solvents including
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water[240] and will not suspend without modification to the molecule.[241, 242, 243] Previous efforts
to disperse and/or dissolve pentacene in water employed condensation from the gaseous phase and
laser ablation techniques.[244, 245]
Novel and existing organic materials for electronics applications are however limited in
performance when compared to their inorganic counterparts, understandably so given the decades
of research and optimization poured into Si and GaAs based systems. The cost effectiveness of these
relatively new–to–the–field materials is a large driving force for the current research, and speculation
exists that organics can be used in many niche applications that call for low-cost, easily fabricated
and perhaps disposable roles. The ability to aqueously disperse an organic semiconductor affords a
vast array of possibilities for electronics manufacturing.
Since printing is being ushered in as a viable manufacturing technique, one must recognize
the importance of merging modern chemical engineering and production with the centuries old art
of ink formulation. Traditionally, printer’s inks are composed of numerous components including
solvents, pigments, binders, drying agents, adhesives, wetting agents and other additives for function
and esthetics. The creation of functional inks poses a great challenge to the ink developer. As ink
development has evolved over time, the goal remained somewhat constant, it needs to clearly convey
a message over a period of time. To accomplish this, inks need to adhere to a substrate, wet out
a predetermined area, dry sufficiently quickly to enable handling yet in a controlled manner so the
pigments can self assemble to the intended image and finally withstand the environment in which
they are used.
The underlying issue is that many of the materials developed to accomplish this goal were
developed without the consideration of a functional ink, an ink with electronic, photonic, chemical,
thermal or optical properties. Some of these areas suffer less from the state of printing as is, where as
long as the material is deposited onto the substrate, its intended function is independent of issues like
addressability, connectivity and communication. Electronics, accordingly, presents an issue seldom
addressed in ink development. Many electroactive species, when engineered for solution processing,
exist in the simplest form; the material and its appropriate solvent. This recipe tends to work well
in the laboratory, as electronic devices can be fabricated via spin casting, drop casting, dip coating
and on some occasions, spraying.
Translation of a material suitable for the laboratory into a material suitable for a manufacturing setting will require a great deal of optimization of the process. Our current efforts focus
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on creating a precursor for ink formulation considering printing as an additive manufacturing technique for its high-throughput capabilities and available instrumentation. To that effect, we have
demonstrated the ability to transform an available organic semiconductor from a hydrophobic small
molecule material into that which suspends in water and remains so for extended periods of time.
Herein we present the exploitation of a method for forming polymer colloidal latexes in order to
suspend small molecule pentacene in a crystalline platelet form in water.

Figure 5.1:

Synthetic and particle formation scheme. (a) Pentacene is synthesized as shown through reduction
reactions. (b) In order to form the platelet particles, the as prepared pentacene is suspended in chloroform and
combined with an aqueous surfactant solution. With a tip sonicator, the biphasic mixture is agitated and becomes
instantly turbid. After processing, the remaining chloroform is removed from the vessel through evaporation resulting
in an aqueous dispersion of particulate pentacene. (c) An SEM micrograph of the pentacene particles (scale bar is
500 nm). (d) A photograph of the suspended particulate pentacene in water in a 20 mL scintillation vial.

5.2

Results and Discussion
The synthesis of pentacene and the miniemulsion procedure are shown in Figure 5.1. The

most important aspect of this work is modifying the material without deleterious effects to the initial
state of that material such that the functionality is maintained. The adaptation of the miniemulsion
reaction allows for the binding of small molecule pentacene without changing the molecule itself
[246]. In the miniemulsion reaction, the shear forces of the sonication drive the solvent–suspended
material into the aqueous surfactant solution causing droplet formation.
Typically, this reaction is used for the formation of polymer colloids [247, 248, 249], however,
due to the target material (pentacene) crystal-like platelets are formed instead of spherical particles

88

(cf. Figure 5.2(a., b., c.)). We have previously employed the miniemulsion technique to form colloidal
particles from existing polymers,[211, 250] wherein small organic molecule dyes were encapsulated
within the polymer colloid. Additionally, π-conjugated polymers were formed into colloidal particles
using the same miniemulsion parameters, both avenues resulted in spherical particles with a rather
large size distribution.
The motivation for this work was to discover a fast, cost-effective manner in which to
suspend small molecule pentacene in water, and the miniemulsion provided this path. The final
result was an aqueous dispersion of surfactant-suspended pentacene crystalline platelets. In order
to verify the necessity of the surfactant in this work, the miniemulsion experiment was carried out
free of surfactant, which resulted in no particle formation and no suspension of the pentacene in
the aqueous phase. The resulting platelets were not a simple breaking apart of a large crystal that
formed in the organic solvent, however it seems surfactant was able to adsorb onto the surface of
the sub-micron crystal like structure sufficiently to suspend them in water.

Figure 5.2: Scanning electron micrographs of (a, b, c) the platelet particles formed during the miniemulsion procedure. Scale bar in each image is 0.5 µm. (d) SEM micrograph of commercially available silver conductive ink, scale
bar is 1.25 µm.

Pentacene has been known to self–assemble into crystalline structures during resistive evap-
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oration due to the planar nature of the molecule.[251, 252] Similarly in this case, as the molecules
are driven together by the shearing and hydrophobicity, the self-assembly creates the crystalline
platelets evidenced in the SEM images. Interestingly, the platelet size distribution and morphology
were independent of pentacene concentration and/or surfactant concentration in the miniemulsion.
We speculate that the shear forces exploited to drive the pentacene molecules together into platelet
structures results in a self-assembly of the molecules similar to that seen in the literature, wherein
the molecules are known to assemble in a herringbone arrangement.[251] As seen in Figure 5.2(a.),
the platelets form with a broad lateral size distribution, however, the thickness seems to remain
relatively constant.
The platelet shape of the particles arose from the self-assembly of the pentacene in the
organic phase prior to ultrasonic exposure. When the shear forces are introduced and the organicsuspended pentacene is driven into the aqueous phase, the self assembled structures are broken into
smaller crystalline droplets until either equilibrium is reached or the reaction is stopped, in this case
the latter.[253]
Also observed in the SEM images, substrate coverage is complete and fairly uniform as
the smaller particles act as a filler about the larger ones creating continuity. The stacking of the
platelets across the entire dimension of the active area creates a percolation pathway sufficient for
the propagation of charge injected into the material in fabricated devices. A similar behavior is
exploited in current conductive ink technologies, most notably, silver inks. Many silver conductive
inks widely used for radio frequency identification (RFID) antennae are comprised of micron-sized
flakes suspended in a proprietary media and upon drying form similar percolation pathways when
these flakes are in contact with each other. Figure 5.2(d.) presents a micrograph of DuPont 5069
Conductor Paste silver flake ink, illustrating the similarities between the flake-based silver ink and
the platelet nature of the pentacene.
After cleaning the dispersions through dialysis against ultra-pure water, the particle size
was characterized by dynamic light scattering (DLS). The DLS reported a hydrodynamic diameter
of 170.8 ± 0.53 nm. The size average is consistent with what is observed in the SEM images, as is
the relatively high PI.
Yet another byproduct of the miniemulsion adaptation is remarkable stability of the dispersion.[254,
255] This excellent stability of the aqueously dispersed platelets lends itself well to formulation of
a printable ink. The stability was analyzed by ζ potential in water with a neutral pH, and surface
90

Figure 5.3: Lapsed time photographs of the particulate pentacene suspension and as-synthesized pentacene small
molecule in water. (a) The particulate pentacene after direct transfer from a stock solution and shaken and (b) The
same sample after 72 hours left undisturbed.

charge was found to be -55.3 ± 3.5 mV. This degree of surface charge is analogous to other known
stable latexes such as polystyrene and poly(methyl methacrylate) colloidal dispersions.
Visibly (cf. Figure 5.3), there was no settling of the suspended particulate pentacene out of
the aqueous phase after several months of resting undisturbed in the laboratory. The as-synthesized
small molecule pentacene however, when suspended in DI water and exposed to an ultrasonic bath for
15 minutes, does initially disperse into the aqueous phase, however after 10 minutes left undisturbed,
the small molecule pentacene was no longer suspended. Stability in the aqueous phase will afford
a facile transition into an ink as this is an issue that will require minimal consideration during ink
formulation. The material, after miniemulsion and cleaning, seems to have no need for stabilizers,
dispersants or additional surfactants in order to maintain a uniform distribution in water. Moreover,
this stability of the material in the liquid phase will potentially allow for an even dispersion during
drying, thus leading to homogenous and uniform films once dried in a controlled manner.
Powder diffraction analysis of the dried particulate dispersion revealed that translating the
material from a loose small molecule material to a particulate aqueous dispersion did not greatly
affect the structure of the material (cf. Figure 5.4). Additionally, it demonstrates that crystallinity
achieved locally in the particulates corresponds to crystallinity found in thermally deposited thin
films typically used for device fabrication.[256, 257, 258] As seen previously in devices built upon
thermally evaporated pentacene, the molecular self assembly results in a herringbone structure, and
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Figure 5.4: X-ray diffractometry spectra of particulate pentacene (dark red) and the pentacene diffraction pattern
indexed by the International Centre for Diffraction Data (LTpolymorphPENCEN01) (black).

the XRD spectra suggest we have a similar self-assembly occurring within the particles during the
miniemulsion process.
Figure 5.5 presents the normalized absorption spectra of the as-synthesized pentacene in
solution in chloroform (CHCL3 ) as well as the particulate pentacene dispersed in water. As with the
XRD analysis, it is evident that there is no significant alteration of the material upon emulsification.
The absorption spectra does show an increase in scattering in the visible regime from the particulate
dispersion, however the characteristic peaks of pentacene are still present. The spectra does reveal
a slight red shift of ca. 6 nm which is a common outcome in translating a material into a nano
particulate via the miniemulsion reaction. [259]
In order to elucidate the commonly observed semiconductor behavior of the modified pentacene, a basic electronic device structure, a diode, was chosen for material evaluation. An organic
diode, in its simplest form, can be created in a straightforward conductor–semiconductor–conductor
sandwich style device. Hence, two versions were created in this work. Initial devices were fabricated
using indium tin oxide (ITO) as the hole (h+ ) injecting anode and aluminum (Al) as the electron
(e− ) injecting cathode. A drop cast device was fabricated on a glass substrate with a sputter coated
ITO film. Drop casting was chosen to more closely mimic the act of printing, creating a thick film
and exhibiting similar drying characteristics. Incidentally, asymmetric devices with greater film
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Figure 5.5: Normalized absorption spectra of particulate pentacene (4) and as-synthesized pentacene dispersed in
CHCl3 (◦).

thicknesses (≤ 1 µm) have been shown to produce characteristics more favorable to the operation
of such devices, and as printing device fabrication is still nascent, the drop cast films aligned well
in our exploration of this material as a printed semiconductor. [260] Aluminum was then thermally
evaporated onto the pentacene layer, finishing the device. This architecture was chosen in order
to characterize the behavior of the pentacene with as little variable as possible being benchmarked
against traditional organic device fabrication techniques.
The typical resulting current-voltage (I − V ) curve is presented in Figure 5.6(a.). Most
notable is the similarity between the ITO-pentacene-metal (ITO-C22 H14 -Al) diode and a commercial
Zener diode. Briefly, a Zener diode is such that shows practically zero resistance under one bias
direction, and resistance in the opposite direction up to what is commonly known as the Zener
or breakdown voltage. Exposure to an applied bias greater than the breakdown voltage results in
uninhibited current flow.
The particulate pentacene diode exhibits an apparent breakdown voltage in the reverse bias
regime at nearly +7 VDC, subsequently allowing the maximum current supplied by the semiconductor analyzer. Figure 5.6(b.) reveals the electronic function of a printed device fabricated using
flexographic printing techniques. The substrate was a PET film coated with In2 O3 / Au / Ag which
exhibits a slightly higher sheet resistance than ITO coated onto glass. The in situ RS for ITO is 20
Ω and the IGS films show typically 35 Ω. While the RS tends to be similar to the benchmark ITO,
we have found that inconsistencies in the film cause variances in the localized RS and reduces the
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Figure 5.6: Typical current vs. voltage semi-log curve for particulate pentacene devices. (a) presents the electronic
behavior of a particulate pentacene device built on an ITO anode. (b) presents the characteristics of devices built
on an IGS anode. Inconsistencies in the IGS film create an increase in sheet resistance that is evident in the device
function.

conductivity across higher length scales. We attribute the apparent current limitation shown in the
plot to the IGS anode since the devices built upon the ITO anode allowed the maximum current
flow supplied by the semiconductor analyzer.
Finally, these devices were fabricated through an Omet Varyflex 520 to test the fabrication
process through standard industrial processes. The scheme of the flexographic printing plates that
were used can be seen in Figure 5.7 while the final product can be seen in Figure 5.8. While the
print was success, the devices did not properly function as diodes in a circuit. It was believed that
the devices became capacitive due to the addition of binder to the pentacene ink during this printing
process.
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Figure 5.7: Schematic of the plates used to build the devices on the Omet Varyflex 520. (a) The shape of the
dielectric printed directly onto the Al substrate, (b) the pentacene plate, (c) the Ag ink plate and (d) the design of
the final structure.

5.3

Conclusions
The ability to transform a semiconductive organic small molecule material into an aqueous

dispersion affords a wealth of possible applications as electronics manufacturing is evolving away
from traditional Si and GaAs methods. In this case, the material was able to undergo the the
transformation from a hydrophobic small molecule material to an aqueously dispersed platelet-like
material that sustained its physical properties. As a semiconductor dispersed in an aqueous vehicle,
the formulation of a printer’s ink is possible for a variety of techniques, including roll-to-roll (gravure,
flexographic), screen, spray and inkjet printing. Without extensive ink formulation measures, this
material was made to be printable in a roll-to-roll setting and printed very well onto an untreated
PET film. There is continued work to be done to adapt the centuries-old art of printing to the new
demands of additive manufacturing for electronics, and this work creates a fast, low-cost avenue
for the rapid screening of raw materials for functional ink formulation. Effects of different binders,
drying agents, additives to tailor surface wetting characterisitcs and substrate treatment techniques
are all necessary for successful ink formulation and continued functionality. In concert with the ink
formulation, our lab is extensively looking into the phenomena specific to the particulate pentacene
layer behind the apparent diode behavior when the contact electrodes are of a matching work
function.
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Figure 5.8: Final printed devices.

5.4

Experimental
Synthesis of 6,13-dihydropentacene-6,13-diol. For the synthesis of 6,13-dihydropentacene-

6,13-diol, a large round bottom flask was placed in an ice bath. To the round bottom flask, 6,13pentacenedione dissolved in THF (36 mL) was added. Sodium borohydride was then added slowly
to the reaction vessel with agitation. The flask was sealed, and a gas outlet was inserted into the
flask. The reaction flask was removed from the ice bath and was placed in an oil bath. The solution
was heated to ca. 55 ◦ C for 2 hours. Upon heating, the solution went from being a vibrant orange
to a pale yellow. After 2 hours, the reaction vessel was cooled, and the solution was dried under
reduced pressure. The dried salmon-colored product was washed with deionized (DI) water (600
mL) and separated via vacuum filtration. The product was dried under reduced pressure to yield a
salmon-colored, solid product (0.608g, 95%).
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Synthesis of pentacene. For the synthesis of pentacene, a 250 mL round bottom flask
was placed in a cold water bath, purged with nitrogen, and a gas outlet was placed in the flask. A
solution of 6,13-dihydropentacene-6,13-diol (0.5775 g, 1.85 mmol), tin chloride (0.701 g, 3.69 mmol),
and DMF (10 mL) was injected into the reaction flask. The mixture was stirred for approximately
10 min to ensure all components were fully dissolved. Hydrochloric acid (37%, 13.5 mL) was injected
into the reaction vessel over 1 min. The reaction was allowed to stir for an additional 20 sec then more
HCl (37%, 13.5 mL) was injected into the system over 30 sec. DI water (63 mL) was immediately
injected into the system. The reaction was allowed to stir for an additional minute before being
taken out of the cool water bath. The synthesis was completed in the dark. The blue solid was
separated via vacuum filtration. The blue solid was then washed with a copious amount of water
(500 mL) to remove any residual HCl from the product. The blue product was further washed with
acetone (200 mL) until the acetone ran clear. The product was collected and dried under reduced
pressure. The product afforded was a dark blue powder (0.5146 g, 87% yield).
General preparation of aqueous pentacene dispersions. For the preparation of the
aqueous dispersions, 75 mg of pentacene was dissolved in ca. 2 g CHCl3 (1.43 mL). To this organic
dispersion was added an aqueous solution containing sodium dodecyl sulfate (SDS) (4 mg·mL−1 in
H2 O, 0.25 wt-%). A tip sonicator was inserted into the biphasic mixture to the oil/water interface.
The two-phase solution was then emulsified with the tip sonicator (VirTis Virsonic 600 Ultrasonic
Cell Disruptor) at an operating power of 12 W for 4 minutes. After sonication, the particle dispersions were placed onto a hot plate at 60 ± 3◦ C and stirred 3 hours to evaporate any remaining
CHCl3 present. Particulate suspensions were then cleaned by dialysis to remove residual surfactant.
Dialysis water was changed every 12 hours until the conductivity of the water was less than 0.5
µS·cm−1 . Final solids concentration of each dispersion was ca. 7 mg·mL−1 .
Analysis. Absorption spectra were collected with a Perkin Elmer Lambda 900 UV/Vis/NIR
spectrophotometer. Scanning electron microscopy was performed on a Hitachi S-4800 FESEM at
maximum accelerating voltage of 2.0 kV. X–ray diffractometry measurements were collected on a
Rigaku Ultima IV X-Ray Diffractometer. Surface charge / stability measurements were obtained
with a Brookhaven ZetaPlus particle analyzer. Particle size and polydispersity was measured by
dynamic light scattering (DLS) on a Coulter N4 Plus Submicron Particle Sizer.
Device Fabrication. For initial materials characterization, ITO coated on 161.3 mm2
float glass (Delta Technologies, Loveland, CO) was etched to a 48 mm2 rectangular pattern and
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cleaned. The pentacene dispersion was then drop cast onto the substrate and dried on a 40 ◦ C
hotplate. An Al electrode was then thermally evaporated onto the pentacene layer to a thickness
of ca. 450 nm. The pentacene thickness, determined by SEM (not shown), ranged from roughly
700 to 1300 nm. The vast irregularity of the surface was the driving force for the rather thick top
electrodes, to ensure a continuous and therefore addressable charge injecting electrode. Printed
devices incorporated an Indium Oxide / Gold / Silver (In2 O3 / Au / Ag, IGS) amalgam film coated
on a polyester (PET) flexible film (Delta Tchnologies). The resulting aqueous pentacene dispersion
was further concentrated in order to increase the viscosity for roll-to-roll printing. Poly(ethylene
oxide) was added to the aqueous pentacene dispersion (5 wt-%) to act as a binder to prevent pin
holing and possible short-circuit formation. Printing trials were performed on an RK Print KPrinting Proofer with a gravure head and custom printing plate and Flexiproof 100 ink proofing
machines. Flexographic print trials were performed with an 18 billion cubic micron (BCM) anilox
roll and custom, in-house made flexographic printing plates (DuPont Cyrel DPR 67). Silver counter
electrodes were created with Inktek TEC-PR-020 silver ink.
Device Characterization. Devices were connected to a computer controlled HP 4145 A
semiconductor analyzer using a J Microtechnolgoy LS 110 probe station with the voltage applied to
the ITO anode. Current was recorded as bias was ramped from 0 VDC to a maximum of ±8 VDC.
All data were taken at a temperature of 23 ◦ C unless otherwise noted.
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Chapter 6

Concluding Remarks
6.1

Summary
The objective of the presented work was to expand the role of organic materials through

the combination of biological sciences and materials science and create new electronic devices via
thin film fabrication techniques. Organic materials have been proven to be ideal candidates for the
production of novel electronic devices due to their tunability, their numerous processing possibilities,
and biological compatibility for future applications such as skin electronics. To demonstrate this, new
materials have been synthesized and different approaches to device fabrication using both traditional
laboratory deposition methods and roll-to-roll processes. The following summary details the the use
of organic materials for use in different thin film electronic devices.
Carbazole Based Polymers for Memristors: Conformational changes in polymeric
system is a proven method of creating resistance altering materials and provided a mechanism for
the creation of carbazole based polymers which can exhibit a range of conductivity states due to
control of the polymer structure properties. Pendent carbazole groups have been one the most
studied compounds to create memristors based on conformational change. Until now, these systems
have widely been regarded as two state WORM devices bistable devices. This work has presented a
method for the synthesis of polymeric compounds that are capable of going beyond bistability and
achieving a multitude of conductivity states denoted by a hysteresis loop when applying an AC input.
Utilizing polymer structure properties, polymers are designed with longer side chains attaching the
pendent carbazole group to the polymer backbone in order to increase the flexibility of the carbazole.
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This increased flexibility allows for easier realignment of the carbazole group denoted by the decrease
in Tg as the side chain length increases. Due to the carbazole being the main charge carrier in these
n-alkyl methacrylate polymers and the importance of alignment for proper charge transport, slight
changes to these carbazole alignments can have a large effect on the conductivity of the material.
To prove this, n-alkyl methacrylate polymers with carbazole pendent groups were synthesized with
varying side chain length. PL and absorbance measurements of the polymers in dilute solution show
no change as the side chain length is altered and measurements into the HOMO and LUMO of the
polymers only showed slight variations. PL measurements of the polymer as a solid film did confirm
the existance of eximer formation due to the increased emission at aproximate 20 nm. As expected,
the Tg of the polymers decreased with increasing side chain length with a two carbon side chain
having a Tg of 125 ◦ Cand an eleven carbon side having a Tg below room temperature of 14 ◦ C.
These polymers where then formed into devices using and architecture of ITO/polymer/Al using
spin coating to deposit the polymer on ITO coated glass and thermal deposition to deposit the Al
on the polymer layer. The application of a DC bias had the same effect on all devices regardless
of chain length. Each material still showed a large initial jump in conductivity with a large enough
applied voltage and remained in the high conductivity ON state through the application of a reverse
bias. This was also observed in the application of an AC bias. After this jump, the polymers with
longer side chains of nine or eleven carbon linkages began to show hysteresis curves while in this
higher conductivity state. This was further examined through the use of DEA testing to probe the
flexibility of the polymer systems as well as the activation energy. The γ transition which is related
to the initial movement of the pendent carbazole group demonstrated roughly equivalent activation
energies for all tested polymers. However, the β transition saw a large decrease in the activation
energy of the polymer systems with long side chains such that the eleven carbon linkage polymer
had an activation energy of 85.5 kJ/mol compared to an activation energy of 296.0 kJ/mol when
examining the polymer containing two carbon linkages in the side chain. The DEA and AC data were
also in agreement that these conformational changes only occur at low frequencies when the device
or material is tested at a room temperature of approximately 23 ◦ C. AC frequency tests confirm
that the hysteresis loops narrow as the frequency is increased. This data points to the flexibility of
the carbazole group and ease at which it can undergo conformation changes as key properties for the
formation of devices which can utilize conformational changes based mechanisms for the formation
of memristors with a multitude of states.
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Work was also done to assess the effect of bulky phenyl groups attached to the carbazole
group to limit flexibility and create another path for tunability. TGA and DEA data confirms
that the effect of these groups is dependent on the side chain length with short side chains having
their Tg decreased due to the increase in free volume being dominant to the increase in stiffness
while those with long side chains have their Tg increase with the increased stiffness from the phenyl
groups. Unfortunately, this leads to these polymers moving into a flexibility range where exact
characterization is difficult similar to polymers such as the three carbon side chain or the six carbon
side chain. This is confirmed by the β transition in DEA measurements.
Biological Memory Modeling: Continuing the work done on the n-alkyl methacrylate
polymers with carbazole pendent groups, the polymer with an eleven carbon linkage side chain
(PUMA) was examined further as a synaptic substitute. PUMA was chosen for a its strong hysteretic
response which saw the largest current variation of all of the polymers previously tested. To first
demonstrate the polymer’s ability to consistently alter through a multitude of conductivity states,
the polymer is formed into a device with the same architecture as previously demonstrated and
tested through a series of positive and negative voltages separated by small read voltage to probe
the conductivity state of the polymer. The device exhibited shifts in conductance dependent upon
the strength and bias of an applied voltage. This is likely due to subtle shifts in the carbazole
alignment where increases in conductance are linked to the alignment being closer to a full overlap
of the carbazole groups and decreases in conductance are linked to the alignment being further from
a full overlap of the carbazole groups. It should be noted that this was mainly observed at longer
pulse widths (lower frequencies). This is in agreement with previous testing as DEA measurements
showed the conformational changes as happening as low frequencies when the material is at room
temperature. Previous AC tests also showed hysteresis curves at low frequencies. To continue
examining how the polymer acts as a synaptic substitute, STDP measurements were taken to observe
if the polymer based device followed Hebbian learning rule. For this, a presynaptic pulse and a
postsynaptic pulse, which have opposite bias, were applied to the device while varying the time
between the application of the voltages. As the δt gets close to zero, larger voltages are created as
the different pulses interfere with one another. It is in this range that alterations to the conductance
can be observed causing a response that closely matches the response seen in biological synapses
know as the Hebbian learning rule. To further probe the synaptic response, SRDP tests were done
to determine the effect of frequency and voltage on the polymeric device. For this test, spikes
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of varying voltage and frequency were applied to the device. Between each cycle of these tests,
a negative voltage was applied to the device to reset it to a base state, so each test starts from
a low conductance state. For tests at high frequency and low voltage, very little change is seen
in the conductance of the device which coincides with previously observed frequency dependence.
While keeping voltage constant, lower frequencies caused far greater increases to conductance than
higher frequencies before hitting a saturation point and plateauing. A similar pattern was observed
with variations to voltage as higher voltages caused greater increases to conductance before hitting
saturation.
Finally, devices were produced utilizing the same procedure with the substitution of ITO
coated PET rather than ITO coated glass as the substrate to form flexible memory devices. A
device was tested using the same pulse pattern previously used after after going through different
bending cycles. As the number bending cycles increased, the device still showed consistent switching
characteristics, but the devices cycled through a lower conductance range as the number of bending
cycles increased. This could be due to defects forming from the physical strain of bending the device
or the device reaching equilibrium through the application of a voltage. This device could be used for
simple calculations such as addition and subtraction through the use of a transformation function.
Although the device switches through conductance states with a high level of consistency, negative
and positive pulses have differing effects on the δS. This means that the application of a negative
pulse following a positive pulse will not always return the conductance to the exact same state.
Therefore defining the function of ’+ 1’ as a positive pulse and ’- 1’ as a negative pulse is not viable.
Through the use of a transformation function, the output conductance can be made linear causing
positive and negative pulses to have similar effects and cycles through conductance ranges reliably
such that simple arithmetic can be calculated and stored on this device.
Biologically Based Reserve Batteries: Alkaline batteries are one of the most common
batteries on the market and have been extensively studied over a long period of time. This along
with other beneficial properties such as low materials cost and high energy density make them an
excellent candidate for the creation of single use printed batteries for application such as packaging
where recharging the battery is not necessary. One of the largest hurdles to overcome with thin-film
batteries is the low capacity caused by the small amount of material being used. For this purpose,
fish eggs were used to create a reserve battery which separates the electrolyte from the system,
preventing leakage of the battery capacity, until an outside force ruptures the eggs and releases a
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salt solution into the system with the fish egg membranes acting as the battery separator.
With the battery under a current loading, a discharge was observed only once there was an
application of an outside force. The fish eggs can be cleaned through washing with purified water
and left in a salt water solution to absorb the salt solution due to pores in the fish egg membrane.
Using this method, the concentration of salt in the electrolyte solution can be controlled which
can alter battery performance with higher salt concentrations allowing for longer time to discharge
under the same current load. At approximately 5 % NaCl aqueous solution, the electrolyte reaches
a saturation point and no further improvement is capacity is observed. Batteries using fish eggs of 5
%, 10 %, and 20 % NaCl solution all performed similarly, but slight variations were observed likely
due to differences in the physical construction as each device was made by hand. Devices as 1 %
and 0.5 % NaCl solution exhibited decreased discharge characteristics. However, this process does
cause strucural issues for the fish egg. An egg tested with no alteration requires a higher applied
force to rupture than an egg that has gone through the serum replacement process. This is likely
due to the interference of the internals of the fish egg through the serum replacement process rather
than structural damage to the egg membrane. Further testing demonstrated that a battery utilizing
eggs treated with a 5 % NaCl solution performed as expected when varying the current load at 1
mA, 0.75 mA, and 0.5 mA with batteries under higher current load demonstrating lower capacity
than the battery tested under at 0.5 mA.
It should be noted that fish eggs are commonly salted during food processing as a way to
preserve them. As a baseline, the eggs were also tested as they were purchased (for consumption)
in the same battery system used for the eggs that underwent serum replacement. These batteries
performed very similarly, but they did not exhibit the same capacity of the batteries using a 5 %
NaCl serum replacement.
Printed Pentacene Diodes: Like the previously discussed alkaline battery, pentacene has
been extensively studied as an organic semiconductor for electronic devices. However, it has been
severely limited in its use primarily due to difficult and expensive processing rather than an a failure
in the material properties. Pentacene based devices primarily rely on high-vacuum processing or
synthetic modification to the molecule to produce devices such as diodes. To alleviate this issue, a
processing method utilizing pentacene dispersed in aqueous solution in a high throughput and low
cost roll-to-roll printing process. After synthesis of the pentacene, it is suspended in chloroform. This
solution is then combined with an aqueous surfactant solution and is agitated using a tip sonicator
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in a miniemulsion process until the chloroform is evaporated off. Once the process is complete,
the surfactant suspended pentecene is stable in aqueous solution while taking the shape of platelets
rather than spherical particles. This stability was observed over time and examined using ζ potential
which revealed that the degree of surface charge was analogous to to other known stable latexes.
Examination of the pentacene platelets through SEM and DLS showed a wide array of sizes
in the nanometer scale. However, the thickness of the pentacene platelets is relatively constant over
a broad lateral size range. It is believed that the pentacene self assembles in to herringbone arrangements due to the shear forces introduced through tip sonication. To ensure that the miniemulsion
process did not alter the structure of the material, X-ray powder diffration spectra and absorbance
spectra of the material in CHCl3 were taken and compared to standard pentacene samples. The Xray diffraction spectra was similar to a standard pentacene sample, and confirmed that the pentacene
was demonstrating similar crystallinity to that found in thermally deposited thin films typically used
for the fabrication of the pentacene based devices. The absorbance spectra showed similar peaks to
its standard counterpart, but with a slight red shift typically seen in miniemulsion samples.
Finally, this pentacene aqueous dispersion was tested as a semiconducting ink using simple
drop casting and a thermally deposited layer of Al as the top electrode as well as flexographic
printing methods. When tested using drop casting and thermally deposited Al the device acted as
a typical Zener diode with a breakdown voltage of about 7 V. Similar results could be obtained
using only flexographic printing methods on a substrate of PET coated with IGS. The pentace
aqueous dispersion was printed using a flexographic printing process and a silver flexographically
printed top electrode. This device did show decreased properties with a lower breakdown voltage of
approximately 5 V and higher resistance when in a high conductivity state. This could be attributed
to variation in the resistance of the IGS or a byproduct of the printing process causing changes in
the pentacene layer or metallic top electrode. However, it should be noted that this success was
achieved using small scale proofers rather than a full sized press. A trial was done on a full press,
but increased volume needs and lower anilox forced the use of binder concentrations that caused the
diodes to fail.
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6.2

Theoretical Implications and Recommendations for Further Research
For decades, transistor based computation has lead to great advances in technology and

been instrumental in the Silicon Age. Moore’s Law states the number of transistors on integrated
circuits would double every two years, and processing power has increased due to this since the 1970s.
As transistors begin to reach a theoretical scaling limit, new devices and materials are required for
the continual growth of computational technology. Nature has given an example of a better way to
design a computer in the brain that is capable of vast computational power utilizing a very small
amount of energy. While fully emulating the brain is not likely in the near future, it has given a
hint to the next step in a biological synapse. The biological synapses utilizes ion channels where ion
migration dictates the conductivity or state of the synapse. By utilizing devices that have have a
multitude of conductivity states rather than the traditional ’ON’ and ’OFF’ or ’1’ and ’0’, a new
avenue for computational growth is born. For the first time, computers would need to move beyond
Boolean Algebra. This would require a major departure from how computers have been developed
in terms of both software and hardware as new computational concepts would need to fit these new
devices. The memristor also offers the ability to due computational work and data storage on a
single device providing another advantage that already exists in the brain but another hurdle for
the full implementation of these devices. While materials such as chalcogenide glass, perovskite,
and organic redox based devices have shown a great deal of promise in laboratory testing, more
work is required to identify and characterize the materials that will be required for these multistate
computational devices. While the implementation of these devices will reuire a great deal of work,
the materials and device architecture that offers high enough stability to compete with standard
transistor technology is required first.
The production of these memristors and other electrical devices could be aided through
the use of high throughput roll-to-roll process rather than traditional semiconductor fabrication
techniques. While these high throughput technique do offer a greatly reduced production cost, it
has typically been accompanied by a drop in consistency or reduced electrical properties. However,
very few materials have been fully optimized for these processes and the processes themselves have
only recently begun to be optimized for printed electronic rather than traditional printing. Other
processing options such as blade coating offer a middle ground with lower throughput but better
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device properties. These processing options a great deal of benefit, but work must be done to
optimize materials for use in these processes and the processes themselves must be adjusted to
account for these new materials.
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Appendix A

Polymer TGA and DSC Data

Sample: YB965-2
Size: 7.9330 mg

TGA

File: C:\TA\Data\TGA\Tucker\YB965-2.001
Operator: shf
Run Date: 3-Mar-16 16:05
Instrument: 2950 TGA HR V5.4A
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Figure 1: TGA of poly(2-(9H-carbazol-9-yl)ethyl methacrylate).
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Figure 2: DSC of poly(2-(9H-carbazol-9-yl)ethyl methacrylate).

Sample: YB883
Size: 9.0350 mg
Method: Ramp

TGA

File: C:\TA\Data\TGA\Tucker\YB883_020416.001
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Run Date: 4-Feb-16 10:31
Instrument: 2950 TGA HR V5.4A
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Figure 3: TGA of poly(3-(9H-carbazol-9-yl)propyl methacrylate).
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Figure 4: DSC of poly(3-(9H-carbazol-9-yl)propyl methacrylate).

Sample: YB802
Size: 5.7150 mg

TGA

File: C:\TA\Data\TGA\Tucker\YB802.001
Operator: shf
Run Date: 6-May-16 15:57
Instrument: 2950 TGA HR V5.4A
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Figure 5: TGA of poly(4-(9H-carbazol-9-yl)butyl methacrylate).
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Figure 6: DSC of poly(4-(9H-carbazol-9-yl)butyl methacrylate).

Sample: YB904
Size: 8.8270 mg
Method: Ramp

TGA

File: C:\TA\Data\TGA\Tucker\YB904_012716.001
Operator: shf
Run Date: 27-Jan-16 15:27
Instrument: 2950 TGA HR V5.4A
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Figure 7: TGA of poly(5-(9H-carbazol-9-yl)pentyl methacrylate).
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Figure 8: DSC of poly(5-(9H-carbazol-9-yl)pentyl methacrylate).

Sample: YB785-2
Size: 9.8320 mg
Method: Ramp

TGA

File: C:\TA\Data\TGA\Tucker\YB785_012716.001
Operator: shf
Run Date: 27-Jan-16 11:00
Instrument: 2950 TGA HR V5.4A
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Figure 9: TGA of poly(6-(9H-carbazol-9-yl)hexyl methacrylate).
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Figure 10: DSC of poly(6-(9H-carbazol-9-yl)hexyl methacrylate).

Sample: YB952-2
Size: 19.9210 mg
Method: Ramp

TGA

File: C:\TA\Data\TGA\Tucker\YB952_020216.002
Operator: shf
Run Date: 3-Feb-16 14:31
Instrument: 2950 TGA HR V5.4A
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Figure 11: TGA of poly(9-(9H-carbazol-9-yl)nonyl methacrylate).
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Figure 12: DSC of poly(9-(9H-carbazol-9-yl)nonyl methacrylate).

Sample: YB1010
Size: 19.5860 mg
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File: C:\TA\Data\TGA\Tucker\YB1010.001
Operator: shf
Run Date: 28-May-16 15:34
Instrument: 2950 TGA HR V5.4A
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Figure 13: TGA of poly(11-(9H-carbazol-9-yl)undecyl methacrylate).
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Figure 14: DSC of poly(11-(9H-carbazol-9-yl)undecyl methacrylate).

Sample: YB835
Size: 7.5700 mg
Method: Ramp

TGA
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Run Date: 27-Jan-16 14:34
Instrument: 2950 TGA HR V5.4A

120

100

Weight (%)

80

60

40

20

0
0

100

200

300

Temperature (°C)

400

500

600
Universal V3.9A TA Instruments

Figure 15: TGA of poly(2-(3-([1,1’-biphenyl]-4-yl)-9H-carbazol-9-yl)ethyl methacrylate).
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Figure 16: DSC of poly(2-(3-([1,1’-biphenyl]-4-yl)-9H-carbazol-9-yl)ethyl methacrylate).

Sample: YB829
Size: 5.5080 mg
Method: Ramp

TGA
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Run Date: 2-Feb-16 09:54
Instrument: 2950 TGA HR V5.4A
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Figure 17: TGA of poly(2-(3-(2,3-dimethoxyphenyl)-9H-carbazol-9-yl)ethyl methacrylate).
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Figure 18: DSC of poly(2-(3-(2,3-dimethoxyphenyl)-9H-carbazol-9-yl)ethyl methacrylate).

Sample: YB816
Size: 6.1010 mg
Method: Ramp

TGA
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Operator: shf
Run Date: 27-Jan-16 16:28
Instrument: 2950 TGA HR V5.4A
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Figure 19: TGA of poly(2-(3-(p-tolyl)-9H-carbazol-9-yl)ethyl methacrylate).
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Figure 20: DSC of poly(2-(3-(p-tolyl)-9H-carbazol-9-yl)ethyl methacrylate).

Sample: YB901
Size: 9.7370 mg

TGA

File: C:\TA\Data\TGA\Tucker\YB901.001
Operator: shf
Run Date: 28-May-16 13:46
Instrument: 2950 TGA HR V5.4A
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Figure 21: TGA of poly(2-(2-(2-(9H-carbazol-9-yl)ethoxy)ethoxy)ethyl methacrylate).
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Figure 22: DSC of poly(2-(2-(2-(9H-carbazol-9-yl)ethoxy)ethoxy)ethyl methacrylate).

Sample: YB933
Size: 6.1610 mg
Method: Ramp

TGA

File: C:\TA\Data\TGA\Tucker\YB933_020216.001
Operator: shf
Run Date: 2-Feb-16 14:07
Instrument: 2950 TGA HR V5.4A
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Figure 23: TGA of poly(2-(2-(2-(3-(p-tolyl)-9H-carbazol-9-yl)ethoxy)ethoxy)ethyl methacrylate).
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Figure 24: DSC of poly(2-(2-(2-(3-(p-tolyl)-9H-carbazol-9-yl)ethoxy)ethoxy)ethyl methacrylate).

Sample: YB939
Size: 6.6540 mg
Method: Ramp

TGA

File: C:\TA\Data\TGA\Tucker\YB939_012716.001
Operator: shf
Run Date: 27-Jan-16 13:37
Instrument: 2950 TGA HR V5.4A
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Figure 25: TGA of poly(2-(2-(2-(3-([1,1’-biphenyl]-4-yl)-9H-carbazol-9-yl)ethoxy)ethoxy)ethyl methacrylate).
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Figure 26: DSC of poly(2-(2-(2-(3-([1,1’-biphenyl]-4-yl)-9H-carbazol-9-yl)ethoxy)ethoxy)ethyl methacrylate).

Sample: YB928
Size: 5.8490 mg
Method: Ramp

TGA

File: C:\TA\Data\TGA\Tucker\YB928_020216.001
Operator: shf
Run Date: 2-Feb-16 11:45
Instrument: 2950 TGA HR V5.4A
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Figure 27: TGA of poly(9-(3-(2,3-dimethoxyphenyl)-9H-carbazol-9-yl)nonyl methacrylate).
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Figure 28: DSC of poly(9-(3-(2,3-dimethoxyphenyl)-9H-carbazol-9-yl)nonyl methacrylate).

Sample: YB924
Size: 7.5070 mg
Method: Ramp

TGA

File: C:\TA\Data\TGA\Tucker\YB924_020216.001
Operator: shf
Run Date: 2-Feb-16 16:02
Instrument: 2950 TGA HR V5.4A
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Figure 29: TGA of poly(9-(3-([1,1’-biphenyl]-4-yl)-9H-carbazol-9-yl)nonyl methacrylate).

122

YB924
0.2

Heat Flow (Normalized) (W/g)

0.1

0.0

-0.1

-0.2

-0.3

-0.4

-0.5
-100

-50

0

Exo Up

50

100

Temperature

150

200

250

(°C)
TA Instruments Trios V3.2

Figure 30: DSC of poly(9-(3-([1,1’-biphenyl]-4-yl)-9H-carbazol-9-yl)nonyl methacrylate).

Sample: YB947
Size: 13.8540 mg
Method: Ramp

TGA

File: C:\TA\Data\TGA\Tucker\YB947_020216.001
Operator: shf
Run Date: 2-Feb-16 15:04
Instrument: 2950 TGA HR V5.4A
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Figure 31: TGA of poly(9-(3,6-di-p-tolyl-9H-carbazol-9-yl)nonyl methacrylate).
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Figure 32: DSC of poly(9-(3,6-di-p-tolyl-9H-carbazol-9-yl)nonyl methacrylate).

Sample: Yb953
Size: 5.7070 mg
Method: Ramp

TGA

File: C:\TA\Data\TGA\Tucker\YB953_012616.001
Operator: shf
Run Date: 26-Jan-16 15:23
Instrument: 2950 TGA HR V5.4A
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Figure 33: TGA of poly(9-(3,6-di-[1,1’-biphenyl]-4-yl-9H-carbazol-9-yl)nonyl methacrylate).
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Figure 34: DSC of poly(9-(3,6-di-[1,1’-biphenyl]-4-yl-9H-carbazol-9-yl)nonyl methacrylate).

Sample: YB1027
Size: 7.3880 mg
Method: Ramp

TGA

File: C:\TA\Data\TGA\Tucker\YB1027.004
Operator: shf
Run Date: 17-May-17 10:16
Instrument: 2950 TGA HR V5.4A
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Figure 35: TGA of poly(11-(3-(p-tolyl)-9H-carbazol-9-yl)undecyl methacrylate).
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Figure 36: DSC of poly(11-(3-(p-tolyl)-9H-carbazol-9-yl)undecyl methacrylate).

Sample: YB1028
Size: 4.2540 mg
Method: Ramp

TGA

File: C:\TA\Data\TGA\Tucker\YB1028.002
Operator: shf
Run Date: 17-May-17 11:24
Instrument: 2950 TGA HR V5.4A
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Figure 37: TGA of poly(11-(3-([1,1’-biphenyl]-4-yl)-9H-carbazol-9-yl)undecyl methacrylate).
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Figure 38: DSC of poly(11-(3-([1,1’-biphenyl]-4-yl)-9H-carbazol-9-yl)undecyl methacrylate).
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Figure 39: NMR of poly(2-(9H-carbazol-9-yl)ethyl methacrylate).
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Figure 40: NMR of poly(3-(9H-carbazol-9-yl)propyl methacrylate).
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Figure 41: NMR of poly(4-(9H-carbazol-9-yl)butyl methacrylate).
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Figure 42: NMR of poly(5-(9H-carbazol-9-yl)pentyl methacrylate).
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Figure 43: NMR of poly(6-(9H-carbazol-9-yl)hexyl methacrylate).
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Figure 44: NMR of poly(9-(9H-carbazol-9-yl)nonyl methacrylate).
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Figure 45: NMR of poly(11-(9H-carbazol-9-yl)undecyl methacrylate).
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Figure 46: NMR of poly(2-(3-([1,1’-biphenyl]-4-yl)-9H-carbazol-9-yl)ethyl methacrylate).
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Figure 47: NMR of poly(2-(3-(2,3-dimethoxyphenyl)-9H-carbazol-9-yl)ethyl methacrylate).
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Figure 48: NMR of poly(2-(3-(p-tolyl)-9H-carbazol-9-yl)ethyl methacrylate).
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Figure 49: NMR of poly(2-(2-(2-(9H-carbazol-9-yl)ethoxy)ethoxy)ethyl methacrylate).
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Figure 50: NMR of poly(2-(2-(2-(3-(p-tolyl)-9H-carbazol-9-yl)ethoxy)ethoxy)ethyl methacrylate).
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Figure 51: NMR of poly(2-(2-(2-(3-([1,1’-biphenyl]-4-yl)-9H-carbazol-9-yl)ethoxy)ethoxy)ethyl methacrylate).
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Figure 52: NMR of poly(9-(3-(2,3-dimethoxyphenyl)-9H-carbazol-9-yl)nonyl methacrylate).
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Figure 53: NMR of poly(9-(3-([1,1’-biphenyl]-4-yl)-9H-carbazol-9-yl)nonyl methacrylate).
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Figure 54: NMR of poly(9-(3,6-di-p-tolyl-9H-carbazol-9-yl)nonyl methacrylate).
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Figure 55: NMR of poly(9-(3,6-di-[1,1’-biphenyl]-4-yl-9H-carbazol-9-yl)nonyl methacrylate).
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Figure 56: NMR of poly(11-(3-(p-tolyl)-9H-carbazol-9-yl)undecyl methacrylate).
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Figure 57: NMR of poly(11-(3-([1,1’-biphenyl]-4-yl)-9H-carbazol-9-yl)undecyl methacrylate).
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